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PREFACE

A Space Science Symposium was held at the Goddard Space Flight Center

(GSFC) in Greenbelt, Maryland on April 23, 1985. The topics discussed covered

a broad segment of space research and were an acknowledgement of Dr. Frank

B. McDonald's personal involvement in many of these efforts.

Drs. James Van Allen (University of Iowa), Miriam Forman (Stony Brook),

Eugene Parker (University of Chicago), and Kinsey Anderson (University of

California, Berkeley) made presentations in the morning, and Drs. Norman

Ness (GSFC), Catherine Cesarsky (Saclay, France), William Webber (Univer-

sity of New Hampshire), Allan Jacobson (Jet Propulsion Laboratory), Ric-

cardo Giacconi (Space Telescope Science Institute), and John Naugle (Fairchild

Corporation) in the afternoon. Introductory remarks by Drs. Noel Hinners
(Director, GSFC) and John Simpson (University of Chicago) and an after-

dinner speech by Dr. Phyllis Freier (University of Minnesota) bracketed the

agenda. All of these texts are included in this volume. Additional manuscripts

by Frank's colleagues which could not be fitted as talks into the 1-day schedule
are also included. These papers were authored or co-authored by V. K.

Balasubrahmanyan (GSFC), W. R. Binns (Washington University), E. A. Boldt

(GSFC), T. L. Cline (GSFC), W. M. Dougherty (University of California,

Berkeley), D. S. Evans (NOAA), C. E. Fichtel (GSFC), T. L. Garrard

(Caltech), M. G. Hauser (GSFC), M. H. Israel (Washington University), J.

Klarmann (Washington University), S. S. Holt (GSFC), J. F. Ormes (GSFC),

R. Ramaty (GSFC), E. C. Stone (Caltech), R. E. Streitmatter (GSFC) and

C. J. Waddington (University of Minnesota).
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All of the speakers and authors had been closely associated with Frank

McDonald during various aspects of his career. The totality of the manuscripts

forming "Essays in Space Science" were chosen so as to sample the scientific

areas influenced by him in a significant manner. These texts have been ar-

ranged into the three broad areas: particles and fields of the solar systems,

cosmic ray astrophysics, and gamma ray, X-ray and infrared astronomies.

Tributes to F. B. McDonald and a history of space science form the Afterword.

We wish to thank Mr. Robert Frey for his meticulous scrutiny and many ef-

forts with the details of the preparation of the text for publication and Mrs.

Evelyn Schronce for her help with the Symposium organization and her pa-

tient assistance during all phases of the creation of this book.

R. Ramaty
T. L. Cline

J. F. Ormes
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MAGNETOSPHERES OF THE OUTER PLANETS

James A. Van Allen

Department of Physics and Astronomy

University of Iowa

Iowa City, Iowa 52242

1. INTRODUCTION

Anyone who wishes to become properly grounded in magnetospheric physics

is well advised to start with three great monographs: Chapman and Bartel's

Geomagnetism [1940], Alfv6n's Cosmical Electrodynamics [1950], and

Stormer's The Polar Aurora [1955].

The subject has acquired its present vigor and broad participation only dur-

ing the 27 years since 1958, when we found that enormous numbers of energetic
charged particles are durably trapped in Earth's external magnetic field.

The magnetosphere of Earth is the prototypical planetary magnetosphere. It

has been investigated intensively and may be said to be understood to "first

order", though many of its details continue to be baffling and controversial.

Meanwhile, we have been proceeding with the investigation of particle and

field phenomena associated with other planetary bodies--the Moon, Mercury,

Venus, Mars, Jupiter, and Saturn. There are significant plasma physical ef-

fects at the Moon and at Mercury, Venus, and Mars, but only Jupiter and
Saturn join Earth in exhibiting fully developed magnetospheres.

The three latter cases have a certain gross similarity but each is distinctively

different in detail, thus giving rise to Frank McDonald's [1980] famous remark:
"If you've seen one magnetosphere, you haven't seen them all." It is reasonable



to expectthat theprospectiveVoyager2 investigationsof Uranus in 1986 and

Neptune in 1989 will add further support to this remark.

Because of the availability of a massive body of literature including several

book-length monographs and review papers on the magnetospheres of Earth,

Jupiter, and Saturn, I decided not to attempt a twenty-minute digest of this

knowledge but rather to review some general considerations of an elemen-

tary nature and to present some speculations.

2. CONDITIONS FOR THE EXISTENCE OF A PLANETARY

MAGNETOSPHERE

A common statement is that a planet will have a magnetosphere if and only

if it: (a) is "sufficiently strongly magnetized" and (b) is subjected to the flow
of the solar wind.

Such a statement contains a certain measure of validity but requires further

scrutiny.

On the subject of planetary magnetism, the following section is adapted from

a paper that I wrote in 1976 [Van Allen, 1977].

There are five qualitatively different types of magnetism that a planetary body
can exhibit:

(a) Remanent ferromagnetism in cool crustal material.

(b) Electromagnetism caused by currents in an electrically conductive in-
terior, such currents being driven by self-excited dynamo electromotive

forces generated by the convective flow of material. This mechanism
requires a hot fluid interior and planetary rotation at a "sufficiently

rapid rate".

(c) Electromagnetism of type (b) at some remotely previous epoch, with

subsequent resistive-inductive decay of the current systems after the elec-
tromotive forces have become negligible.
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(d) Electromagnetismcausedby systemsof currentsinducedin the con-
ductingionosphereof theplanetby fluctuatingmagneticfieldsin the
solarwind and/or drivenby motionalelectromotiveforcescausedby
therelativemotionof magneticfieldsin thesolarwind. In eithercase,
theelectricalcircuit maybeclosedin part throughtheconductivein-
terplanetarymedium.

(e) Electromagnetismsimilarto type(d),but with theinducedcurrentsin
conductingportionsof the planetarybody itself.

Mostof the interiorsof theabovementionedsevencelestialbodies(with the
possibleexceptionof theMoon)arethoughtto beattemperaturesabovethe
Curie temperatureof ferromagneticmaterials(_ 1000K) if, indeed,such
materialsarepresent;hence,remanentferromagnetism,if any,mustbecon-
fined to the outercrustof thebodies.For a large,rotatingplanethavinga
fluid interior, thereis no theoryof type(b) magnetismthat proceedsfrom
first principlesto aconfidentquantitativepredictionofthemagneticproper-
tiesof the planet.

In orderthat aplanetarybodyhaveamagnetosphereof durablytrappedpar-
ticles, it is necessarythat its dipolemomentbesufficientlygreatthat there
areclosedmagneticshellssuchthat particlescandrift in longitudewithout
strikingthebody (or its appreciableatmosphere)or without escapingfrom
the system.

In thevacuumcase,themagneticfield extendsto infinity andthecriterion
for durabletrappingof asingletestparticleisderivablefrom St6rmertheory.
Thetotal populationof trapped,non-interactingparticlesis limited by the
further criterionthat the volumedensityof kineticenergyof chargedpar-
ticlesis lessthanor of theorderof BE/8"/r, where B is the local magnetic field

strength. A realistic physical source of particles is, of course, cosmic ray albedo
neutron decay. ! consider that a full solution of the self-consistent vacuum

case would be a worthy theoretical exercise but, to my knowledge, no one

has produced such a solution. The lack of interest in the vacuum case stems

from the fact that flowing plasma, or at least plasma, appears to be ubiquitous

throughout the universe.



In thepresenceof flowingplasma,theapproximatecriterionfor theexistence
of amagnetosphereis that the magnetohydrodynamicstagnationdistancer

on the upstream side of the planet exceeds the radius of its surface or ap-

preciable atmosphere. In the case that plasma within the magnetosphere ex-

erts a negligible pressure, the magnitude of r is given by

M 2
nmv 2 -

27r r 6

wherein n, m, and v are the number density, atomic mass, and relative bulk

velocity of the ions in the plasma and M is the body's magnetic dipole mo-

ment. The plasma in question may be the solar wind out to the heliopause
or the interstellar wind beyond the heliopause. For planetary satellites within

a planet's magnetosphere, the flowing plasma may be that co-rotating with

the planet.

Inside the heliosphere, v for the solar wind is independent of the distance R

from the sun and n is inversely proportional to R E. Hence by Equation (1)

rp _ ( Mp Rp/ 1/3r E M E R E

where the subscripts E and P refer to Earth and to any other planet,

respectively.

It is seen from Equation (2) that Earth would have the same size magneto-

sphere as it now does if it were at a heliocentric distance of 50 AU and its

magnetic moment were reduced by a factor of 50. This statement assumes,

of course, that the heliopause lies beyond 50 AU, as now seems likely.

By Equation (1), it is noted that if Earth were placed outside the heliopause
in the nearby interstellar medium (n - 0.05 cm -3, v -- 20 km s-l), r would

be unchanged if the planet's magnetic moment were only 1/200 of its present
value. This example illustrates the fact that the solar wind is not essential for

producing a magnetosphere.

4



A further case of general interest contemplates a magnetized planet immersed

in a stationary plasma. If the planet were not rotating, it would be simply

a large Langmuir probe with no magnetospheric properties. But if the planet

is rotating, however slowly, there is a corresponding unipolar electric field
and the nearby plasma will co-rotate with the planet out to the radius at which

the co-rotational speed is equal to the Alfven speed. At the outer boundary

of the co-rotating plasma, there are presumably instability effects that result

in the generation of waves and acceleration of particles. Hence, even in the

case of nonflowing plasma a magnetosphere will exist. Cases of this nature

are treated in the theory of pulsars, though for rotational rates far greater

than those of planets.

The foregoing remarks suggest the great variety of magnetospheres that may,

and probably do, exist.

3. SOURCE OF MAGNETOSPHERIC PARTICLES

Potential sources of energetic particles in a planet's magnetosphere are as
follows:

(a) The solar wind

(b) Solar energetic particles

(c) Primary cosmic rays

(d) Secondary particles from cosmic-ray interactions in the planet's at-

mosphere, rings, and satellites

(e) Ionized gas from the planet's ionosphere

(f) Gas sputtered from rings and satellites
bombardment

by particle and photon

(g) Gas emitted volcanically or outgassed from rings and satellites



Plasmaphysicalphenomenaassociatedwith theMoon,Mercury,Venus,and
Marsareattributedprincipallyto particlesfrom source(a),with perhapsan
admixtureof particlesfrom source(e).

The quasi-thermalplasma and low energy particles within Earth's
magnetospherearealsoprimarilyfrom source(a)andsecondarilyfromsource
(e),asjudgedbyelementalcompositionandenergyspectra.However,higher
energy(E > 0.2MeV)particlescomeprimarily from source(d), with some
admixtureof particlesfrom source(b).

Thequasi-thermalplasmaandlowenergyparticlesinJupiter'smagnetosphere
areidentifiedasdominantlyfrom source(g),thevolcanicallyactivesatellite
Io beingtheprincipalcontributor, but therearealso(probably)significant
contributionsfromsources(a),(e),and(f). Sources(b)and(d)of veryenergetic
particlesarepresumedto beoperativebut particlesfrom thesesourceshave
not beenidentifiedconclusively.

Thevariouspotentialsourcesof particlesin Saturn'smagnetospherehavebeen
assessedasfollows:Veryenergeticprotons(E > l0 MeV)arefrom source

< P(d). ProtonshavingE .._ 1 MeV and electrons having 0 035 < E < a few
• . P * e

MeV are prlnopally from the solar wind, source (a), and to a lesser extent

from source (b). Electrons and protons of lesser energies are apparently from
sources (e), (f), and (g) as well as from the ionosphere of Titan.

4. IN SITU ENERGIZATION OF PARTICLES

Particles that are injected into a magnetosphere, from whatever source and

in whatever manner, are energized and diffused spatially by fluctuating

magnetic and electric fields (including those in plasma waves) and convected

and energized by quasi-steady electric fields. These very complex processes

are essential to the overall character of the particle population but they also

tend to confuse the process of identification of the sources and sinks of the
particles•

Irrespective of detailed processes for the generation of plasma waves and elec-

tromagnetic radiation and for the acceleration and diffusion of particles, it



appearsthatall suchmagnetosphericprocessesderivetheirpowerfrom three
basicsources:

(a) The kinetic energyof flowing plasma(e.g.,the solarwind)

(b) The rotationalenergyof the planet

(c) Theorbital energyof satellites

Sunlightcontributesto establishingtheconditionsfor energytransferby ioniz-
ing atmosphericgasesandbyphotonsputteringandionizationof solidsur-
facematerialbut apparentlycontributeslittle to grossenergetics.

Thecouplingbetweenanyoneof thethreesourcesof energyandtheparticle
populationmustbesuchasto generateelectricfieldssince,apartfromgravita-
tional fields,accelerationof a chargedparticlecanbeaccomplishedonly by
anelectricfield.

Thepowerflux of the solarwind at 1AU istypically0.4 erg (cm2s) -1. The

cross-sectional area of Earth's magnetosphere perpendicular to the solar wind

flow is that of a circle of approximate radius 14 planetary radii or 2.5 × 102°

cm 2. Hence, the total power that is potentially available from the solar wind

is of the order of 1 × 1020 erg s- 1, on an average day. During days of high

solar activity the power flux increases by as much as an order of magnitude.

The solar wind power exceeds that required for all dissipative processes in

Earth's magnetosphere by a factor of the order of 100. The coupling of this

power into the magnetosphere apparently occurs by way of the motional elec-

tromotive force induced in the magnetosheath.

The total rotational kinetic energy of Earth is 2 × 1036 erg, an enormous

amount relative to all magnetospheric requirements. The coupling here is ex-

hibited by co-rotation of plasma and the maintenance of the corresponding

system of electrical currents in the plasma and in the ionosphere. The best

present estimates are that the power extracted from Earth's rotational energy
is much less than that extracted from the solar wind flow.
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At Jupiter,the situationis the reverseof that at Earth, and it appearsthat
mostof thepowerfor magnetosphericprocessescomesfrom therotational
energyof theplanetandtheorbitalenergyof theinnermostGalileansatellite,
Io. The gasemittedvolcanicallyfrom Io playsa centralrole in Jupiter's
magnetosphere.Nonetheless,the longmagnetotail(severalAU in length)of
Jupitercertifiesthe importanceof the solar wind flow in establishingthe
topologyof its outermagnetosphere.

Saturnalsoexhibitsa longmagnetotailbuttheenergeticsof its magnetosphere
lie betweenthoseof Earthand Jupiter,with perhapscomparablecontribu-
tions from thesolarwindandtheplanet'srotation.Titan with its denseat-
mosphereliesin theouterfringesof Saturn'smagnetosphereandhencehas
a lesssignificantrolein thephysicsof Saturn'smagnetospherethandoesIo
in Jupiter's.

5. THE MAGNETOSPHEREOF URANUS

Oneof the mostexcitingnear-termprospectsfor magnetosphericphysicists
is theencounterof Voyager2 withUranusduringtheperiodaroundclosest
approachon January24, 1986.

It hasbeenestablishedby Pioneer10that the radial flow of thesolarwind
extendsto andfar beyondtheorbits of Uranus and also Neptune [Barnes
and Gazis, 1984].

There is, as yet, little quantitative evidence on the magnetic moment of Uranus.
However, it is reasonable to expect that the value of its moment is of the order

of 4 × 10 27 gauss cm 3 or about 0.2 gauss a_ where a v is the planet's
equatorial radius.

The basis for this empirical expectation is shown in Table I and Figure 1,

which summarize existing knowledge of the magnetic moments of planets as

a function of their rotational angular momenta. The two line segments la-

beled Uranus and Neptune are drawn vertically at the approximately known

values of their respective angular momenta and the lengths of the segments



TableI

AngularMomentaand Magnetic
Momentsof Planets

Mercury

Venus

Earth

Mars

Jupiter

Saturn

Uranus

Neptune

Pluto

Moon

Io_ M

g cm2 s-1 gausscm3

9.74 E 36 2.4 E 22

1.82 E38 <3 E21

5.859 E 40 7.92 E 25

1.98 E 39 1.4 E 22

4.19 E 45 1.53 E 30

7.03 E 44 4.32 E 28

1.52 E 43

2.07 E 43

- 3 E36

2.36 E36 <4 E20

Note: aEb = a × 10b

M
-- × 10 _5
lo_

gauss cm s g-

2.5

< 0.02

1.35

O.OO7

0.37

0.061

< 0.2

4/17/84



suggest ranges of values of their magnetic moments within which actual values

will not be astonishing.

o

5O

25

20

MERCURY

MOON

EARTH•

MARS

VENUS

i I
4O

log Ico

URANUS SATURN

NEPTUNE

45

Figure 1. The empirical relationship between magnetic dipole moments M of

planets and their rotational angular momenta I_o. The line segments labeled

Uranus and Neptune are drawn vertically at the approximately known

magnitudes of their angular momenta. The lengths of the segments span ranges

of M within which it would not be astonishing to find their actual values.
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Based on Equation (1) and the above guess as to the magnitude of the magnetic

moment of Uranus, one calculates a stand-off distance of 26 planetary radii,

a value that is proportional to the cube root of the assumed moment.

Within this radial distance from the center of the planet, it is reasonable to

expect a well-developed magnetosphere, albeit one of extraordinary proper-

ties because of the approximately axial alignment of the rotational axis with

the planet-sun line in 1986 as shown in Figure 2 [Van Allen, 1977]. If the

magnetic axis of the planet is approximately parallel to its rotational axis,

then the co-rotational equipotential surfaces are turned by 90 o relative to the

12_

I0

I I I I I I I I I
AXIS POLE

TO _ URANUS

SUN

_s

9

8

7 I
2446000 I00

I I I I I
200 300 400 500 600

JULIAN DAY NUMBER

I I I
700 800 900 7000

Figure 2. The time dependence of the angle (3 between the rotational axis of

Uranus and the planet-sun line [Van Allen, 1977].
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transversepotentialsurfacesthat areattributedto solarwindflow--as com-
paredto thesituationsat Earth,Jupiter,andSaturn.Thiscasehasbeendis-
cussedin apreliminarywayby Siscoe[1971,1975](Figure3) andby Olson.
If themagneticaxisis inclinedmarkedlyto therotationalaxis,anevenmore
exoticmagnetospheremaybeexpectedbecauseof thelargedirunalvariation
that will occurin this case.

Solar
Wind

Polar
Cusps

Auroral
Zone

HYPOTHETICAL MAGNETOSPHERE OF URANUS

(AFTER SISCOE)

Figure 3. Hypothetical topology of a Uranian magnetosphere during the epoch
of pole-on presentation to the solar wind [Siscoe, 1975].
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Recentobservationsbythe International Ultraviolet Explorer of auroral op-

tical emissions from Uranus provide the principal observational evidence thus

far for the existence of a well-developed magnetosphere [Durrance and Moos,

1982; Clarke, 1982; and Caldwell, Wagener, and Owen, 1983]. Less direct

evidence depends on the suggestion of Chang and Lanzerotti [1978] that the

low optical albedos of the satellites and rings of Uranus are the result of trapped

particle bombardment and consequent carbonization of methane ice on their
surfaces.

An important feature of the Uranian magnetosphere is the presence therein

of five satellites, in close regular orbits (Table II) [Dermott, 1984], and nine
thin rings which lie between 1.59 and 1.96 planetary radii [Elliot, 1984]. As

at Jupiter and Saturn, these elements of the Uranian system doubtless have

profound effects on the absorption and possibly the emission and accelera-

tion of charged particles.

Table II

Satellites of Uranus

Satellite Orbital Radius (au) Body Radius (km)

V Miranda 5.0 220

I Ariel 7.3 660

II Umbriel 10.2 560

III Titania 16.7 800

IV Oberon 21.7 815

During the Voyager 2 encounter with Uranus, Pioneer 11 will be relatively

nearby as shown by Figure 4. Hence, Pioneer 11 will be able to provide valuable

13



observations of the solar wind, the magnetic field, and energetic particle in-

tensity in the nearby interplanetary medium before, during, and after that

encounter [Van Allen, 1984]. All of these quantities are significant in deter-

mining the state of Uranus' magnetosphere and fluctuations thereof.

-15

Y

l I I I [ I I I I

TO SUN
TO EARTH

/85 2°.0

7/1/86_ I/I/86_ URANUS

PIONEER II VOYAGER2

HELIOCENTRIC
1950.0 EQUINOX/ECLIPTIC

ECLIPTIC PLANE PROJECTION

I l I I I I I I I
-I0 -5 0 A.U.

X

Figure 4. Ecliptic plane projection of the trajectories of Pioneer 11, Voyager

2, and Uranus during 1985-1986. The latter two bodies are close to the eclip-

tic plane and hence their relationship is well represented by this diagram.

However, Pioneer 11 is substantially north of the ecliptic plane, having a Zo

coordinate of 5. 753 A U on January 24, 1986 [Van Allen, 1984].
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Desch and Kaiser [1984] and Hill and Dessler [1985] have considered, from

different points of view, the prospects for detection of non-thermal radio emis-

sion with the planetary radio astronomy (PRA) instrument on Voyager 2 as
it approaches Uranus. To my knowledge, no such emission has been iden-

tified as of the date of this writing.

6. THE MAGNETOSPHERE OF NEPTUNE

As previously mentioned, Pioneer 10 has established the flow of the solar wind

out to and beyond the orbit of Neptune. By Figure 1, an empirically reasonable

guess for the magnetic moment of Neptune if 6 x 1027 gauss cm 3 or 0.4

gauss _ and the corresponding stand-off distance is some 32 planetary radii.

Relevant comments are as follows:

(a) It seems probable that Neptune has a well developed magnetosphere.

(b) The rotational axis of Neptune is inclined at only 29 o to the pole of

its orbital plane. Hence, its magnetosphere may be expected to be more

nearly "normal" than that of Uranus, perhaps most nearly resembling
that of Saturn, except for the apparent absence of dense rings and close
satellites.

(c) Of the two well-known satellites of Neptune--Triton and Nereid--only

Triton is both close enough (14.6 planetary radii) and large enough

(radius = 1750 km) to have a significant role in the planet's

magnetosphere. But in contrast to Titan, Triton has, at most, a very

tenuous atmosphere according to present evidence. (The tentatively iden-

tified satellite or partial ring, at - 3 planetary radii [Reitsema et al.,

1982], may also qualify as an object of magnetospheric significance.)

(d) Very energetic particles from the cosmic ray albedo neutron source may
be expected to dominate the inner magnetosphere as they do at Saturn.

(e) There is little prospect of substantial evidence on the magnetospheric

properties of Neptune before the Voyager 2 encounter in August 1989.

15



7. CONCLUSION

Let meconcludeby againrecallingFrankMcDonald'simplicit admonition
to beskepticalof anyforecastsof magnetosphericproperties,includingthose
that I havejust made.
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1. INTRODUCTION

While aurora have been a fashionable subject for study since the advent of

the space age, a great deal of insight as to the origin of aurora had been gained

in the years between the turn of the century and the Second World War,

especially by Scandinavian physicists. It is illuminating to begin by reviewing

their work as an illustration of the progress that can be made toward under-

standing a difficult subject through careful analysis and interpretation of obser-

vations. Although their methodology was based on the most advanced

technology of the time, it would be considered entirely inadequate by today's

standards. The background for this introduction may be found in books by

Harang [1951], Stormer [1955], Chamberlain [1961], and Eather [1980].

Stormer's program of auroral photography, begun shortly after 1900, was

directed toward defining the geometric shapes and locations of auroral forms.

The best remembered of his experimental results concerned the distribution

in altitudes of auroral features as derived from triangulation of photographic

images taken of the same form against a star background from widely separated
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points on the ground. As a general rule, the feature most easily identified

as being common to the same form was the lower altitude border, although

triangulations on other features, such as the high altitude boundary of ex-
tended rays, were also performed. The results showed that the lower altitude

border of discrete auroral forms tended to have a distribution which maxi-

mized at about 105 km, with individual measurements extending down to 65

km and upwards to many hundreds of kilometers. During the same era,

Vegard, also of Norway, made observations of the vertical extent of auroral
luminosity and found these dimensions averaged some tens of kilometers but

were hundreds of kilometers high in exceptional cases. Vegard also measured

the vertical distribution of luminosity along an auroral form and showed that

normally there was a maximum at an altitude some 10 km above the lower
border.

Relatively little seems to have been done early in this century to quantify the
horizontal dimensions of auroral forms. It was, however, clearly appreciated

that the dimensions were usually very long in one direction (hundreds of

kilometers east-west) and very thin in the other (tens of kilometers down to
a small fraction of a kilometer for the structure in an individual auroral ray).

The period between 1890 and 1910 also saw the discovery of subatomic charged

particles and radioactivity. Laboratory experiments had been conducted to

study the properties of cathode rays (electrons), their penetrating power

through materials, and to demonstrate how the rays interacted with a magnetic

field. Similar experiments studied the nature of the particles emitted from

radioactive materials, named alpha and beta rays, as well as the properties

of fast ionized hydrogen atoms. Much work was also done with glow discharge

tubes where fast subatomic particles interacted with gases resulting in the emis-

sion of light. Before 1900, Birkeland suggested that the aurora was produced

by such subatomic particles transiting from the Sun to the Earth. Not only

would this explain the emission of the light by processes analogous with those

occurring in a gas discharge tube, but would also account for the observation

that auroral rays aligned themselves along the geomagnetic field [a fact first

noted by Wilcke in 1977] because these charged particles would be guided

into the atmosphere along the nearly vertical magnetic field. The proposal
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that theaurorawasdue to the impact of subatomic charged particles upon

the atmosphere was generally accepted within a short time.

The altitude measurements of the aurora could be combined with the laboratory

observations of the stopping power of subatomic particles passing through

gases and with rudimentary models of atmospheric densities at high altitudes
(based upon hydrostatic equilibrium arguments) to obtain estimates of the

energies required for the incident particles to penetrate to the observed altitudes.

Calculations done by Lenard, Vegard, and others before 1920 suggested that

if the responsible particles were cathode rays, then the energies required to

penetrate to 100 km would be on the order of 10 keV. If the particles were

protons, the energies would be on the order of 200 keV. If alpha particles
were hypothesized, the energies would need to approach 1000 keV. However,

it was generally believed at this time that the responsible particles were cathode

rays. There were two reasons for this. The first involved the height-luminosity

profile of the aurora. If positive particles were responsible, then the luminosity
profile of the aurora should exhibit a dramatic brightening with decreasing

altitude and a very weU-def'med lower border, features that replicate the energy

loss characteristics of positive particles passing through gases. These features

were generally not present in the auroral luminosity profile which spoke in

favor of cathode rays as being responsible. The second reason centered around

the horizontal dimensions of auroral structures which were often very small.

It was argued that these dimensions should in some respect be related to the

gyro-radius of the responsible particles as they moved downward in the

geomagnetic field. It was often impossible to reconcile the small horizontal

dimension, which suggested that if massive positive particles were involved,
they were relatively low velocity, with the altitude of the aurora which would

require fairly energetic positive particles. If cathode rays were responsible,
there would be no problems of this sort.

For a variety of reasons, speculation about the ultimate origin of the cathode

rays centered around the Sun. First of all, evidence pointed toward an extra-

terrestrial source because auroras were almost exclusively phenomena occur-

ring at high geomagnetic latitudes, and particles approaching the Earth from

infinity would naturally be guided to high latitudes and excluded from low
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latitudesby thegeomagneticfield. Secondly,it hadlongbeennotedthatthe
occurrenceof aurorasfollowedeventson theSun.Thefrequencyof auroras
duplicatedthe l 1-yearcyclein sunspotnumbersand, equallyimportant,
unusuallyintenseauroraandgeomagneticdisturbancesoftenfollowedsolar
flaresbyoneor twodays.Finally,correlationsbetweenthepassageof sunspot
groupspastthecentralmeridianof theSunandauroraat theEarthshowed
that increasesin auroraloccurrencefollowedthe sunspotpassageby a day
or so.By 1920,thepictureemergedof the Sunejectingstreamsof particles
whichtransitedto the Earth wheretheyproducedauroraldisplays.It was
with thispictureinmindthat Stormerbeganhisstudyof theorbitsof charged
particlesmovingfrominfinity intoadipolemagneticfield.His objectivewas
to demonstratethatparticlesoriginatingfromtheSunwouldimpacttheEarth's
atmosphereat locationswherethe aurorawasobserved.His orbit tracing
showedthat particles(electronsor ions)of the energiesbelievednecessary
to penetrateto theproperdepthsin the atmospherewould impactat loca-
tionsverycloseto the magneticpoleand not at the mostfrequentlatitude
for auroraswhichisconsiderablydisplacedfrom thepole.Stormerattempted
to escapethisproblembymodifyingthegeomagneticfieldthroughtheaddi-
tionof atoroidalcurrentaroundtheEarth(theringcur.rent),but, eventhen,
hecouldnot obtainacceptableresults.A secondproblemthat existedwith
the picturehadto do with the one-daydelaybetweenaneventon theSun
andthesubsequentauroraattheEarth.If thistimewereascribedto thetransit
time for theparticlesresponsiblefor theaurora,theparticlevelocitiesand
energieswerefar too lowto beidentifiedwith thesupposedauroralparticles;
e.g., 10eVelectronsbasedupontransit time argumentsagainst10000eV
electronsinferredfrom the altitudesof auroraandsimilardiscrepancies,if
the heavierpositiveionswereassumed.

Bythestartof theSecondWorldWar, it is fair to saythatthefollowingwas
thoughtto be"known" abouttheaurora.Theaurorawascausedbytheim-
pactof chargedparticlesupontheatmosphere.Theseparticleswereprobably
electrons(cathoderays)andhadenergieson theorderof 10keV.Thepar-
ticlesprobablyoriginatedfrom the Sunandtransitedto theEarth in a time
of aboutoneday.It wasappreciated,however,that thispicturerequiredthe
existenceof anunknownnear-earthprocess(es)whichacceleratedthesepar-
ticlesto theenergiesrequiredto produce,theauroralform andthat thissame
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process,or asecondone,wasresponsiblefor establishingthegeometricshapes
andgeographiclocationassumedbytheaurora.Today,manyof thejustifica-
tionsfor currentandfuturespaceplasmainvestigationsarelinealdescendants
of theseproblemsoriginally setdownnearly50yearsago.

2. PROGRESSFROM WORLDWAR II TO 1970

Thefirst unambiguousevidencethat energeticsubatomicparticleswerepar-
ticipatingin auroraldisplayswasprovidedbyVegardandbyMeinelin 1950.
Tothesurpriseof many,thisevidencepointedtowardenergeticprotons,rather
thanelectrons,astheresponsibleparticles.Theobservationswereof lineemis-
sionsfrom hydrogenatomswhichhadbeenDoppler-shiftedto suchanex-
tentthattheexcitedatomsmusthavebeenmovingatthousandsof km sec-1
(tensof keV energy)at thetimeof emission.Presumably,a protonentered
theatmospherewiththismagnitudeenergy,pickedupanelectronfromwithin
theatmosphereto becomeanexcitedneutralhydrogenatom,andhademit-
tedthephotonwhilestill movingat highvelocity.There was a period of time

after these observations when it was thought by many that auroral light was

produced primarily, if not exclusively, by proton bombardment of the atmo-

sphere. This view did not last for long because the counter-arguments set down

by the Scandinavian researchers before 1940 were far too compelling. Those

original arguments, based upon the height-luminosity profiles and small scale

dimensions often seen in auroral forms, had been bolstered by the fact that

the intensity of the hydrogen emissions varied immensely compared to other
auroral emission lines originating from normal atmospheric constituents such

as atomic oxygen and molecular nitrogen. This could not be the case if pro-
ton bombardment were dominant.

The first direct measurements of the particles producing visible auroral displays

were made by instruments on sounding rockets during the 1958 International
Geophysical Year (IGY) program [Davis, Berg, and Meredith, 1960; McI1-

wain, 1961]. These rocket flights showed conclusively that the visible aurora

was produced primarily by the precipitation into the atmosphere of electrons
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havingenergiesof theorder of 10 keV. These rocket observations demonstrated
that the energetic proton precipitation was responsible for only a small por-

tion of the energy deposited into the atmosphere, and that the protons were
incident over an area that extended well beyond that of the visible auroral

forms.

The conclusions as to the nature of the particles causing the aurora that had

been drawn by the Scandinavian physicists some 20 years earlier on the basis
of indirect measurements were entirely vindicated by these rocket observations.

Mcllwain's work had particularly long lasting importance. The instrument
on board the rocket used to measure the electron influxes was primitive by

today's standards (the instrument was not capable of sensing electrons of

energies less than 4 keV and only obtained rather crude energy flux versus

electron energy distributions by means of a sweeping electromagnet) and the

rocket performance was low, reaching only 120 km altitude. In spite of these

limitations, Mcllwain was able to combine the electron energy flux
measurements with the altitude profile of the auroral luminosity obtained by

a photometer on board the rocket to demonstrate that electrons of energies

greater than 10 keV contributed less than 10% and electrons of energies less
than 3 keV contributed less than 25 % to the total particle energy flux incident

upon the atmosphere. Mcllwain characterized this electron energy distribu-
tion as being "near monoenergetic". He suggested further that this sort of

energy distribution was not consistent with a "statistical type" acceleration

mechanism, but that the "sharp high-energy cutoff" in the electron energy
flux distribution was consistent with "acceleration processes involving elec-

tric fields"

Several years later and following the development of particle detectors better
able to measure the fluxes of electrons over the energy range 100 eV to 10

keV, Mcllwain's conclusion as to the near monoenergetic nature and origin
of the auroral electron energy spectrum was fully accepted. Numerous

measurements by rocket- and satellite-borne instruments have now shown that

the type of electron energy spectrum first described by Mcllwain is invariably
observed above "discrete" auroral arcs. Figure 1, displaying the electron

differential-directional number flux versus energy spectrum of the electrons

observed over a bright auroral arc, is typical. Here, there is a peak in the

distribution at about 10 keV with an extremely sharp decrease in intensity
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Figure 1. The electron number flux versus energy spectrum obtained above

a discrete auroral arc. The spectral feature at near 10 keV is identified with
the potential drop along the magnetic field line that accelerated the electrons.

The lower energy electrons either originated from the atmosphere below the

acceleration region or were accelerated electrons degraded in energy by some

process. Positive ions played no role in the precipitation that produced this
aurora.
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at higherenergies.While therearesignificantnumbersof particlesat lower
energies,particularlybelow1keV,theseparticlescontributelittle to the inci-
dentenergyflux. This form of energyspectrummaybefairly characterized
as"near monoenergetic".

It shouldbepointedout thatcurrentlyaurorasareusuallyclassifiedinto two
types,diffuseanddiscrete.As with mostclassificationschemes,thesepara-
tion isnot totallyunambiguousbutdoesserveausefulpurpose.Diffuseaurora
tendto bewidespreadinspatialextentanduniformin intensitywithoutwell-
definedboundariesto the light emission.It is this appearancewhichgives
thename.Becauseof theabsenceof sharpboundaries,whichwouldprovide
contrastagainstadarkskybackground,this typeof aurorais oftendifficult
to recognizewith the humaneye.Moreover,the lackof easilyidentifiable
features,suchasraysor well-definedlowerborders,makedeterminationsof
altitudes,locations,or height-luminosityprofilesdifficult to perform from
the ground.For thesereasons,relativelyfew rocketshavebeenlaunched
specificallyto studysuchaurora,althoughsatelliteinstrumentationhas,on
a regularbasis,providedmeasurementsof theparticlesproducingsuchaurora.

Particleobservationsoverdiffuseauroradoshowthat energeticprotonsare
participatingin the bombardment,althoughit is rarethat theycarrymore
than10%of theenergybeingdepositedinto theatmosphere,particularlywhen
thetotalenergyflux andauroralbrightnessaresignificant.Thespectroscopic
observationsof Doppler-shiftedhydrogenemissionsmadebyVegard,Meinel,
andotherswereundoubtedlyfor casesof diffuseaurora.Theenergyspectra
of boththeelectronprecipitationresponsiblefor thebulkof theenergydeposi-
tion associatedwith thediffuseauroraandthelowerintensityproton bom-
bardmenttendto resembleMaxweUianor "thermal-like"distributionswithout
spectralfeatures,suchasthepeakseenin theexamplein Figure1.Themean
energyof theelectronsin theprecipitationis ordinarilyabout2 to 10keV,
whilethe meanenergyof the protonsis usuallyhigherby a factor of 2 to
5. It isgenerallyacceptedthattheelectronandprotonprecipitationassociated
withthediffuseauroraoriginatefromareservoirof energizedparticlestrapped
in thegeomagneticfield (theplasmasheetandouterradiationzones).These
alreadyenergizedparticlesarescatteredin pitchangleby fluctuatingelectric
fields andplacedon trajectoriesleadinginto the atmosphere.The particle
numberdensitiesandmeanenergiesnecessaryonthepartof thesourceplasma
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populationto supplythe fluxesobservedabovediffuse aurora are in good

agreement with the observed properties of the particle population in the plasma

sheet. The contribution of protons to the total particle energy flux producing

the diffuse aurora is also in quantitative agreement with this picture. For a

source population composed of protons and electrons having equal densities
and mean energies, and both species undergoing pitch angle scattering, the

proton precipitation would account for about 2.5 % of the total energy flux.

If the proton temperatures were four times higher than the electron, the pro-
tons would contribute 5 % under the same circumstances.

This explanation for the immediate origin of the particles producing the diffuse

aurora does not address the question of the process whereby they acquired

their energy. However, the Maxwellian-like nature of their energy spectrum

suggests that the particles underwent collisional or randomizing processes as

they were energized or afterwards. This would indicate an energization process

which was either inherently statistical or, alternatively, a more ordered ac-

celeration taking place in conjunction with statistical processes such as energy
diffusion.

In contrast to the diffuse aurora, the discrete aurora has well-defined boun-
daries where the luminosity typically changes by a factor of 5 or more over

a distance which is small compared to the overall dimensions of the form,

a dimension which, in turn, is small compared to the dimensions of the dif-

fuse aurora. The fact that discrete auroral forms exhibit such good contrast

against a black sky allows easy identification of individual features for loca-
tion and altitude determination. Most of the lower border altitude studies done

by Stormer must have been of discrete forms. The excellent contrast of discrete

auroras against a black sky combined with the fact that the amount of parti-

cle energy influx and auroral brightness is generally larger than for the dif-

fuse aurora makes this type of aurora much easier to see and photograph.

For these reasons, the bulk of ground-based studies have probably been per-

formed on discrete aurora, and the majority of rockets have been launched
over such aurora.

Measurements of the particles producing discrete aurora invariably show that

precipitating electrons, of energies seldom exceeding 20 keV, are the domi-

nant contributors to the energy deposition. The contribution due to proton
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bombardmentis virtually alwayslessthan 1% and often less than 0.1%.

Moreover, the electron energy spectra essentially always show a peak or knee

at some energy (Figure 1) or, on rare occasions, more than one energy. When

displayed in terms of energy flux versus energy (Figure 1 displays number flux
versus energy) the peak in the electron distribution is usually very dramatic.

McIlwain's rocket flight, which encountered a near monoenergetic electron

population, was over a discrete aurora. The nature of the electron energy spec-

trum together with the almost complete absence of protons contributing to

the energy input has led most to conclude, as McIlwain did, that these elec-
trons had acquired their energy by falling through an electrical potential dif-

ference. McIlwain did not speculate on the geometry of this potential difference

or on the trajectory these electrons must have gone along between their ar-
rival near the Earth (presumably from the Sun) and their deposition into the

atmosphere. The search for answers to these questions have engendered con-

siderable controversy in recent years.

3. THEORETICAL EXPLANATIONS FOR PARTICLE

ENERGIZATION NEAR THE EARTH

If it is assumed that electrical potential differences exist within the magneto-

sphere surrounding the Earth, essentially three alternative geometries can be

envisioned. The first is that the potential is distributed so that its gradient,
the electric field, is everywhere perpendicular to the geomagnetic field. The

second is a geometry in which some portion, if not all, of the available elec-

trical potential is distributed parallel to the geomagnetic field. The third is
a situation where the electric fields exist in a region where the magnetic field

is zero, or nearly so.

Taylor and Hones [1965] explored the motion of charged particles in an elec-
tric and magnetic field geometry where the electric field was everywhere nor-

mal to the magnetic field. At that time, little was known of the nature of electric

field that might surround the Earth and Taylor and Hones were compelled

to develop a model based upon the electric fields that would be required to

"drive" the currents known to flow in the ionosphere during times of magnetic
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activity. The magnitude of these currents was estimated from the magnetic

field perturbations that were observed from the ground and coupled with
estimates of the electrical conductivity of the ionosphere to obtain the model

of electric fields at ionospheric altitudes. These model electric fields were

mapped upwards into the magnetosphere using a model magnetic field and

assuming that the electric field always remained normal to the magnetic field.

The creation of a model magnetic and electric field geometry for the entire

magnetosphere was a major achievement for that time. Taylor and Hones
then assumed the existence of a population of low energy particles at the boun-

dary of their model magnetosphere (these particles having come from the Sun)

and followed their trajectories in the model fields. In this particular geometry,
the motion of individual low energy particles is a combination of a magnetically

controlled drift, due to field line curvature and to gradients in the magnetic

field, and an electrically controlled E × B drift. Given the gradients in the
electric and magnetic fields and the scale size of the particle's gyroradius, the

particle motion is adiabatic. The E x B drift alone is incapable of energizing

particles because the drift path would be along an equipotential surface nor-
mal to E. However, the superposition of the E × B drift and the magneti-

cally controlled drift could carry the particles along a trajectory that has a

component parallel to the electric field and result in the energization of the
particle, effectively by moving through a potential difference. Particles of

rather low solar wind energies can move through this geometry to a point

where the electrostatic potential differs considerably from that at the entry

point. The particle at this location will have its original energy plus that ob-
tained by moving through the potential difference. If the latter exceeds the

former by a significant amount, the particle energy spectrum at the final loca-

tion will appear to be monoenergetic. If an individual particle is not precipitated

into the atmosphere during its transit through the magnetosphere, its trajec-

tory, being adiabatic, will return it back to the solar wind with its original

energy. It should also be noted that the model leads to a separation between

the trajectories followed by electrons and those followed by protons.

The model of Taylor and Hones explains, in a natural manner, both near

monoenergetic particle spectra and the absence of energetic protons in the

precipitation responsible for discrete auroras. However, the model does not

easily account for the location and geometry of discrete auroral arcs. For a
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particlesourcehavinga full rangeof incidentpitch anglesand energiesat
themagnetosphericboundary,theresultanttrajectoriesdonot form a line
similarto anauroralarcbut,rather,fill upmuchof theoutermagnetosphere.
Themagnetosphereeffectivelyactsasa crossedfield particleanalyzerwith
individualparticlesproceedingalongtrajectoriesto locationswhicharedeter-
minedby their initial conditions(angle,velocity,mass,andcharge).Taylor
andHonesinvokeda localizedpitchanglescatteringprocess,similarto that
associatedwith thediffuseaurora,to precipitatethepre-energizedparticle
populationin thegeometryappropriateto thediscreteaurora.Whilethistheory
clearlydescribesoneparticleenergizationprocesswhichoperateswithin the
magnetosphere,it cannoteasilyaccountfor thoseelectronsproducingdiscrete
auroral arcs.

Speiser[1965,1967]constructeda modelin whichanelectricfield wasap-
plied in a regionof space,the magnetictail, wherethe magneticfield was
verysmall(aneutralsheet).Undertheseconditions,whethertheelectricfield
wasperpendicularor parallelto themagneticfieldwasamootpoint.Because
in anear-zeromagneticfield thedimensionsof theparticle'sorbit wouldbe
largecomparedto thegradientsin theelectricandmagneticfield, themotion
of a particlewouldno longerbeadiabatic.Usinga tail-likemagneticfield
geometryandadawn-to-duskappliedelectricfield,Speisersolvedfor thepar-
ticle trajectoriesanalytically.Theresultsshowedthat a particleintroduced
intothisgeometrywouldundergoenergizationbymovingparallelto theelectric
field while,at thesametime, a north-southoscillatorymotionbetweenthe
tail lobesdueto theparticle'smotionin theveryweakneutralsheetmagnetic
field. Ultimately,theparticlewouldeitherexit the systemon thedawn(for
electrons)or dusk(for positiveions)flanks,havingbeenenergized,or find
itselfin thetail lobesat asmallpitchanglewith respectto themagneticfield.
Speisershowedthat in the lattersituationtheparticle,nowenergized,would
follow apathalongthemagneticfield linetowardtheatmosphere.Speiser's
modelpredictednearmonoenergeticparticlebeamsincidentupon the at-
mosphereandthattheelectronandionprecipitationwouldbeseparatedfrom
oneanother.However,themodelhaddifficultiesin accountingfor electrons
of energiesup to 10keV without somewhatunrealisticassumptionsabout
themagneticfield geometry.Essentiallytheelectronswouldbeejectedfrom
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theaccelerationregionveryquicklyandgain little energyfrom the electric
field. Magneticfield configurationsthat wouldpermitgreaterelectronac-
celerationwouldresultin thoseelectronsenteringtheatmosphereatlocations
well polewardof wherediscreteauroraareusuallyobserved.Finally, mo-
noenergeticprotonbeamswerealsopredictedbutnotobservedeveninproton-
rich diffuseaurora.

RecentlyLyonsandSpeiser[1982]expandeduponSpeiser'soriginalworkand
showedthat if a plasmadistribution having the numberdensitiesand
temperaturesof theplasmafoundin the "plasmamantle" wereintroduced
into theneutral-sheet-electric-fieldaccelerationgeometryproposedbySpeiser,
theresultantejectedproton populationcalculatedfromthe particletrajec-
torieswouldhavetheintensitiesandenergydistributionof thoseprotonsac-
tually observedto beflowingon theouteredgeof theplasmasheet.It is this
populationof positiveionsthat maybethemajorsourceof theplasmasheet
populationand,possibly,adirectsourceof auroralprotonprecipitation.The
original Speisermodel, perhapsin conjunction with additional particle
energizationby the TaylorandHonesadiabaticparticlemotion,mayvery
wellaccountfor theenergeticplasmapopulationthat formstheparticleres-
ervoir for thediffuseauroraprecipitationwherea significantadmixtureof
protonsis normallyfound. Thesesamemodels,however,had difficulty in
explainingthespatiallystructured,protonpoor, andmonoenergeticelectron-
rich characterof the discreteaurora.

Thethird electricfieldaccelerationgeometryisoneinwhichtheelectricfield
is directedparallelto the magneticfield. On the surface,this is a pleasing
explanation.Assumingthat theelectricfield is in thedirectionto accelerate
electronsdownward,electronsintroducedacrossthehighaltitudeboundary
of theelectricfield will beenergizedandprecipitatedinto theatmospherein
onedirectprocess.Thetimetakenfor anindividualelectronto undergothe
processisonlysecondsasopposedto asomewhatlongertimefor theoriginal
Speiserprocessandmuchlongerfor theTaylorandHonesadiabaticacceler-
ation.In thispicture,thegeometry,smallstructure,andbehaviorof thediscrete
auroraaresimplyamanifestationof thosemagneticfieldlinesthat possess
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a parallelelectricfield, thetotal potentialinvolved,andthetimevariations
in thatpotentialthatmayexist.Theelectron-richnatureof thediscreteaurora
andthemonoenergeticspectrumarebothdirectconsequencesof theaccelera-
tion mechanism.By couplingtheaccelerationandprecipitationprocess,the
parallelelectricfield avoidstherequirementinvokedby Taylorand Hones
for spatiallystructuredpitchanglescatteringprocessesto introducecorrespond-
ing spatialstructureinto theauroralprecipitation.Theparticleacceleration
byparallelelectricfieldsmaybelocatedneartheEarthinsteadof in theneutral
sheetatgreatdistancesfromtheatmosphereasin thecaseof theSpeisermodel.
Thisavoidstheproblemof accountingfor smallscalestructure,introduced
by theenergizationprocess,beingpreservedoverlongdistancesasthepar-
ticlestransitto theatmosphere.In spiteof theseseemingadvantages,the idea
that anelectricfield parallelto themagneticfield causedtheenergizationand
precipitationof thoseelectronsresponsiblefor discreteauroralarcsmetwith
considerableresistance.

O'Brien[1970]summedupmanyof theargumentsthat aparallelelectricfield
couldnotbethemechanismthatenergizesauroralparticles.OnepointO'Brien
stressedwasthat positiveions and electronswereobservedto precipitate
simultaneously.Whilethis is usuallythe casefor thoseparticlesproducing
thediffuseaurora(nowinterpretedasdueto thelossof alreadyenergized
particlesfrom areservoir,for example,theplasmasheet),thenearlymono-
energeticelectronsproducingthediscreteauroraseldomareaccompaniedby
significantnumbersof positiveionsanddonotseemsubjectto O'Brien'sob-
jection.A second,moretelling,pointmadebyO'Brieninvolvedthepresence
of electronsin theprecipitationwhichhadenergieslowerthanthemagnitude
of theacceleratingpotentialdifferencethatmightbeinferredfrom theloca-
tionof thepeakin theelectronenergyspectrum(e.g.,thoseelectronsof energies
lessthana fewkeVin Figure1whereanacceleratingvoltageof 10kV may
beinferred).If the10keVelectronshadfallenthroughapotentialdifference
of that magnitude,thenit seemsthat the lowerenergyelectronsmusthave
originatedfrom within theregionof parallelelectricfield andhadacquired
only aportionof thetotal availablepotential.However,asO'Brienpointed
out, if thiswerethecase,the largenumberfluxesof thelow energyelectrons
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(see Figure 1) would require a powerful but unknown source of particles

because the electrons locally available from within the region of parallel elec-

tric field would rapidly become exhausted.

Evans [1974] met this latter objection by pointing out that if there existed

a parallel electric field which accelerated electrons of magnetospheric origin
downward into the atmosphere, this same electric field would also reflect

downward all secondary and backscattered electrons produced from the at-

mosphere by that precipitation. Effectively, the observed down-going elec-

tron population would be a combination of magnetospheric electrons energized
by the electric field and electrons originating from the atmosphere that had

been reflected back downward by that field. Numerical models were presented

by Evans (Figure 2) which showed good agreement between an observed elec-

tron energy spectrum and that predicted using a backscatter-secondary model

and a primary beam produced by accelerating a Maxwellian magnetospheric

population through a fixed potential difference. Other comparisons between
observation and model were not nearly so good. Generally in such instances,

the predicted low energy electron fluxes were too low, particularly over energies
between 20% and 80% of the accelerating potential (the spectrum in Figure

1 would likely be such an instance). A possible explanation for the excess of

electrons over this energy range would be a process whereby the downgoing

energized electrons produced beam-plasma instabilities in the ionosphere and

the turbulent wave fields associated with this instability would diffuse elec-

trons in energy, both promoting ionospheric electrons up in energy and

degrading beam electrons down in energy [Evans, 1976]. In any case, the

Earth's atmosphere and ionosphere represent a copious source of low energy

electrons which would be confined below a parallel electric field, and so the

existence of such electrons is not inconsistent with electron acceleration through

a parallel electric field.

While O'Brien's objections, based upon observational considerations, to the

existence of a parallel electric field which accelerated auroral electrons can

be largely countered, there were also strong theoretical arguments against the

very existence of electric fields parallel to a magnetic field, especially in the

presence of a population of charged particles which were free to move under

the influence of that electric field. The argument was that a static electric field
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Figure 2. An example of a comparison between an observed auroral electron

spectrum and one modeled by accelerating a Maxwellian distribution through

a 500 voltfield-alignedpotential drop, computing the backscatter and second-

ary population created in the atmosphere by the precipitation, and reflecting

that population from the potential barrier back down ward. The good agree-
ment overcame one of O'Brien's objections to the existence of parallel electric

fieM acceleration.
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parallelto amagneticfield alsoimpliedthat astaticchargedistributionexists
alongthemagneticfieldline.However,thehighmobilityof electronsto move
alongthemagneticfield (asopposedto acrossthefield)underthe influence
of Coulombforceswouldmeanthatsuchachargedistributionwouldberapid-
ly neutralized.

It waspossiblethat anelectricalcurrentwasflowingalongthemagneticfield
line suchthat, aselementarychargesmovedout of a volumeof spacein a
mannerasto cancelthechargeseparation,newchargesmovedintothatvolume
soasto maintainthechargedistribution.In thesecircumstances,it wasargued
thattherelationshipbetweenthecurrentflowingalongthemagneticfieldand
the localelectricfield oughtto begivenby theSpitzerconductivityexpres-
sion.Briefly, theSpitzerrelationshipbetweenelectricfieldsandcurrentshad
beenderivedin the followingway. Considera collectionof ions andelec-
trons, eachwitha numberdensity,n, in the presence of an electric field. If

there is a magnetic field also, it is assumed that the electric field is directed

parallel to the magnetic field and the motion of charges in the direction nor-

mal to the magnetic field ignored. For simplicity, it is assumed that the ions

are so massive in comparison to the electrons that their acceleration under

the influence of electric forces is negligible and all current flow is due to the
motion of electrons. The electrons are visualized as undergoing an accelera-

tion due to the electric field but also a stopping or retarding force due to their

occasional collisions with the massive slowly moving ions. This deceleration
is expressed in this derivation as proportional to the electron's velocity -_ and

a collision frequency, v. Given this picture, the force balance equation may
be written as

m-- = qE- mvv (1)
dt

dv

If a steady state is to be established, then the average acceleration _ can be
set to zero and a steady drift velocity on the part of the electrons with respect

to the ions would be given by:

v = _ E (2)
mv

35



The electricalcurrent, J, produced by electrons of density, n, moving at

this velocity is:

J = nqv (3)

From equations (2) and (3) one obtains the Ohm's law relation between J
and E :

__ nq2 _
mv

7= Y
(4)

Equation 4 was believed to govern the relationship between electric fields and

currents parallel to the magnetic field. The conductivity relating the two would

be determined by the number densities of charged particles and the frequency

of collisions by these particles as they moved. The conductivity would be very

large at high altitude along the magnetic field line because moving charged

particles would suffer collisions only infrequently in low density medium. The
frequency of collisions would be greater in the denser medium at lower,

ionospheric level, altitudes; but even here the electrical conductivity parallel

to the magnetic field would be very much larger than conductivity perpen-

dicular to the magnetic field--charged particles being confined to move along

the magnetic field and inhibited from moving normal to that field. The very

large electric conductivities parallel to the magnetic field suggested that no

significant portion of any available electrical potential could appear parallel

to the magnetic field, but virtually all such potential must appear transverse

to the magnetic field. An alternative argument examined Equation 4 in the

limit where the collision frequency approached zero. In this limit, both the

conductivity and the field-aligned currents would grow unbounded if the

parallel electric field remained non-zero. This result was regarded as unphysical

and was thought to prove that any electric fields parallel to the magnetic field

must remain very small or zero. A significant parallel electric field would ex-

ist only if the conductivity could be reduced by some process. Models which

invoked scattering (collisions) of charged particles by interactions with tur-
bulent electric fields (anomalous resistivity) were proposed to reduce this con-

ductivity. The basic purpose of such a process was to inhibit the motion of
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achargedparticlealongthemagneticfieldandso"support" anelectricfield
without thefield-alignedcurrentgrowingunbounded.However,in orderto
accountfor the accelerationof auroralelectrons(whichwasthepurposeof
proposinga parallelelectricfield in thefirst place),theconceptof runaway
electrons--electronswhichdid not interactwith theturbulentfieldsbut ac-
celeratedfreelyin thelargescaleparallelelectricfield--wasinvoked.Thefinal
pictureappearedforcedandunsatisfying.

Therewereseveralerrorsin theaboveanalysis.Onewasthat in orderto set
downtheequationof motion (Equation1),it wasassumedthat themotion
of thechargedparticlesin theelectricfield wascollisionallydominated,i.e.,
thattheenergygainedbya particlefrom theelectricfieldbetweencollisions
andtheenergylost by theparticlein a collisionwerebothsmallcompared
to thethermalenergyof thechargedparticle.Thevalidityof theOhm'slaw
expressionin Equation4 waspredicatedon this assumption,andit wasim-
properto allowthecollisionfrequencyto approachzeroasthis limit wascom-
pletelyout of therangeof applicabilityof Equation2.A seconderror was
to assumeEquation3 wasvalid in thecasewheretherewerenocollisions.
In suchacase,thecurrentwouldnot increaseasthechargedparticlesveloci-
ty increasedbut,rather,thenumberdensity,n, would decrease in exactly the

same manner that the density of automobiles on a freeway decreases as their
speed increases after escaping from a traffic jam. The current, J, would re-

main the same and be governed not by the electric field but by the rate at

which new charged particles were allowed to enter the system. Another very

basic error in the formulation of these arguments was the presumption that

the amount of current that flows at a given location was governed solely by

the local electric field (or that the local electric field was determined by the

current flow). In fact, the analysis does not explain why either the electric

field or the currents have any particular values, or even why they should exist

at a given location. The electrical currents flowing and the electric field existing

at a given location are determined not only by properties at that location but
also by the nature of the rest of the electrical circuit under consideration. For

example, the charge exiting a given volume (the current) is determined in the

steady state by the availability of charge in the adjacent volume and its ability

to flow so as to maintain current continuity. The analysis presented above

simply assumed that sufficient charges were available. If they were not, the

37



valuesof thecurrentandelectricfields(which are physically independent of

one another) would simply change so that current continuity was once again
established.

A far more acceptable approach to the entire problem of electric fields parallel

to the geomagnetic field and any associated current systems has been put for-

ward by Knight [1973], Lemaire and Scherer [1974], Fridman and Lemaire

[1980], Chiu and Schultz [1978], Lyons [1980, 1981], and many others. This
approach begins by examining the current that can flow along the magnetic

field between the magnetosphere and ionosphere in terms of the ability of

a particle population at one location to supply charge (a current) to another

location. The charged particles responsible for a current flowing upwards from

the ionosphere to the magnetosphere must either be positive ions from the

ionosphere or electrons from the magnetosphere. A downward current from

the magnetosphere to the ionosphere must be carried by ions originating from

the magnetosphere together with electrons from the ionosphere. The ability

of each of these plasma reservoirs to supply charged particles to the other

depends first upon the number densities and temperatures of the available

plasmas and second upon the ability of charged particles to transit from one

location to the other without returning back along the same path.

As an illustrative example, consider the maximum charge flux (current) that

can flow from one location to the other in the absence of any parallel electric

fields. For the conventional upward current, the contribution of ions from

the ionosphere (assuming a density of 1000 cm -3 and temperature of 1 eV

at 1000 km) can be no more than about 0.7 #Amp m -2, this maximum be-

ing the rate at which these ions can evaporate from the top of the ionosphere

by virtue of their thermal motion. The contribution to this current from elec-

trons originating from the magnetosphere can be no more than that flux given
by electrons filling the loss cone and is about 1 #Amp m -2 (assuming a

magnetospheric density of 1 cm -3 and temperature of 1000 eV), which gives

a total maximum upward current that these two populations can supply to
one another of about 2 #Amp m -2. A similar analysis for the maximum

downward current yields a value of about 30 /_Amp m -2. The order of

magnitude difference between the maximum upward and downward charge
fluxes (currents) that can flow between the magnetosphere and the ionosphere

is due to the ionosphere's ability to supply an upward flux of electrons which
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is muchgreaterthan theupwardion flux becauseof thelow electronmass
andhighthermalspeedsfor a giventemperature.Notethat theseestimates
are for themaximumchargefluxesthat canflow betweenthe two regions
in the absenceof a parallelelectricfield, not thecurrentsthat actuallydo
flow in anysituation.

Knight [1973] and Lemaire and Scherer [1974] extended this sort of analysis

to the situation where a magnetic field-aligned potential difference was assumed

to exist at some altitude well above the ionosphere. Both the change in parti-

cle trajectories because of this assumed electrical potential difference and the

new field-aligned current can be calculated. It is clear that there is no change

to the maximum upward going charged particle fluxes because this value is

determined by the "evaporation rate" of these particles from the ionosphere.

The assumed parallel electric field may accelerate the ionospheric particles

upward but cannot change the fluxes. The flux of particles from the magne-

tosphere to the ionosphere will be changed because the acceleration of par-

ticles downward will effectively widen the loss cone and more magnetospheric

particles of the species determined by the direction of the parallel potential

drop will reach the ionosphere. However, Knight and Lemaire and Scherer

showed that this effect is not large. If the parallel potential drop were located

just above the ionosphere, only magnetospheric particles already magnetically

mirroring at low altitude would have their trajectories affected, and the charge

flux would be little affected. If the potential were assumed to be at high altitude,

well removed from the ionosphere, many magnetospheric particles would be

affected, but the analysis showed there would be only a modest increase in

the flux of particles actually reaching the ionosphere and, thus, the field-aligned

current. Most of the magnetospheric particles, even with an acceleration

downward, would still magnetically mirror above the ionosphere and would

return back to the magnetosphere having been decelerated to their original

energy by the field-aligned potential difference. The magnetic field-aligned

currents that would flow between the magnetosphere and the ionosphere in

the presence of a magnetic field-aligned electric field would not grow unbound-

ed, as the arguments based upon conductivities in a collisionless plasma would

have suggested, but would assume values which would be governed largely
by the ability of particle populations outside the region of electric field to

supply charge. This ability might be quite limited. The situation that would
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existisquiteanalogousto that of athermionicdiodewherethecurrentsthat
canflowbetweenthecathodeandanodearegovernednotonly bythedirec-
tion andmagnitudeof the electricfield betweenthosetwo surfacesbut also
by the ability of thecathodeto makefreechargesavailableto flow.

Twootherpointsshouldbenotedaboutthispicture.First,placingaparallel
electricfield in the ionosphere,wherelargenumbersof chargesareavailable
to flow, will not enhancethe current betweenthe magnetosphereand
ionosphere.Thiscurrentis determinedby theability (andrequirement)for
chargesto exerciseatrajectorywhichcarrythemirreversiblyfrom oneregion
to anotherandthisverylow altitudeelectricfield will not influencethepar-
ticlesin the magnetospherenor increasethe fluxesof ionosphericparticles
upwardswhichwill still begivenby the rateat whichionosphericparticles
canmigrateinto theelectricfieldregion("evaporationrate"). Secondly,there
isaclearasymmetrybetweenthemaximumdownwardcurrentthat canflow
betweenthemagnetosphereandionosphere(magnetosphericionstransiting
to the ionosphereandionosphericelectronstransitingto themagnetosphere)
andthemaximumupwardcurrentthat couldexist.In thisrespect,thesystem
alsomimicsthe characteristicsof a thermionicdiode,both in the unidirec-
tional natureof thecurrentflow andin thefact that placinganelectricfield
alongthewire leadingto thecathodeof thediodewill not increasethecur-
rent that can flow betweencathodeandanode.

Lyons[1980,1981]madeuseof thisanalysisof theabilityof currents to flow

between the magnetosphere and ionosphere to develop a model which can
account for the existence of an electrical potential difference along the magnetic

field connecting these two regions, the acceleration of magnetospheric elec-
trons, and the creation of discrete aurora. The model presumes that at high

altitude in the magnetosphere there is an electric potential distribution im-
posed over a limited region of space and in a direction perpendicular to the

magnetic field. This potential distribution represents a source of electromotive

force (EMF) capable of providing a dissipative current which threads both

the ionosphere and the source of EMF to the extent that currents can flow

along the magnetic field connecting the two regions. The reasons for the ex-

istence of this potential distribution are not specified, although electric field
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measurements,both in theionosphereandin themagnetosphere,showsuch
distributionsmustoccur.

Lyons' modelimposesthe requirementfor currentcontinuityon a current
systemwhichflows throughthe sourceof EMF, alongthefield linesto the
ionosphere,andclosesbyflowinghorizontallyin theionospherebetweenthose
magneticfield linescarryingthe upwardandthe downwardcurrents.He
demonstrates,giventhenatureof theionosphericandmagnetosphericcharged
particlereservoirs,that currentcontinuityordinarilycannotbeestablished
if onepresumesthat the magnetosphericpotentialdistributionis mapped
unalteredalong the magneticfield linesbetweenthe magnetosphereand
ionosphere(i.e., if therewereno parallelpotentialdifference).Essentially,
if themagnetosphericelectricfieldweremappeddirectlyinto theionosphere,
a largeionosphericcurrentwouldresultbecauseof theimmensenumberof
chargecarrierscapableof movinghorizontallyat ionosphericaltitudes.These
largecurrentswouldbeinconsistentwith thefield-alignedcurrentsthatcould
becarriedbytheavailablechargedparticlesmovingbetweentheionosphere
andmagnetosphere.Analternativedistributionof theavailablemagnetospheric
potentialaroundthiscurrentcircuitinvolvingfield-alignedpotentialdifferences
wouldbe required.Indeed,Lyons' modelshowsthat themajor portion of
theavailablepotentialmustappearalongthemagneticfield line.Thisarises
becauseevenalargeparallelpotentialdifferencewill notproduceadramatic
increasein field-alignedcurrentsandsoa major reductionin thepotential
differenceacrossthe ionospherewouldbe requiredto bring aboutcurrent
continuity.

It isnaturalin this picture for the parallel potential difference to appear on

that leg of the current circuit which is required to carry an upward current.
It is this leg that has the poorest current carrying capability. The sense of

the parallel potential that would appear would be to accelerate electrons

downward into the atmosphere which, of course, is exactly what is observed.

It is satisfying that this picture explains why discrete auroral arcs are pro-

duced by downward accelerated electrons and seldom, if ever, by ions which

had been accelerated downward by a parallel potential in the opposite sense.

In the auroral current circuit, as in laboratory current circuits, potential dif-

ferences arise in those regions where the current carrying capability is minimal.
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Lyons'modelsaysnothingaboutthedistributionof theparallelpotentialdif-
ferences(i.e., theparallelelectricfield), onlythenecessityfor that potential
differenceandanestimateof its magnitude.Thedetailedpotentialdistribu-
tion isamatterrelatedto themicrophysicswhichgovernthemotionof par-
ticlesalongthe field line--includingtheeffectsof theparallelelectricfield.
It is of interestto point out that magnetosphericelectronsbeingaccelerated
downwardtowardtheatmosphereandionosphericionsacceleratedupward
produce,by virtue of the velocitychangeson thepart of theseparticlesas
theymove,a spacechargedistributionalongthemagneticfield which is in
thepropersenseto beresponsiblefor thepotentialdistribution(viz.netnegative
spacechargeat high altitudeand netpositivespacechargejust abovethe
ionosphere).This illustratesa point whichseemslittle appreciated.In cur-
rentcarryingcircuits,it is thechargecarriersandthedetailsof theirmotion
that areresponsiblefor distributingthe electricfieldsthat not only ensure
currentcontinuitybut alsolocallygovernthemotionof thechargecarriers
themselves.Thefact that thecurrentcarriersalsoplaytherole of thespace
chargesresponsiblefor the localelectricfieldswhichgoverntheir ownmo-
tion mayappearparadoxical.However,theveryexistenceof thedissipative
current systemrequiresa sourceof EMF, andthe chargecarriersarebest
viewedin termsof distributingthisEMFaroundthecircuit in thiscaserather
than creatingelectricfields.

4. SUMMARY

Theproblemsconcerningthe auroraposedprior to thewar arenow either
solvedin principleor havebeenrestatedin a morefundamentalform. The
Scandinaviansthoughtthechargedparticlesresponsiblefor theaurorahad
comefrom the Sun.While strictly speakingthis may not beentirely true
(ionosphericionsacceleratedupwardbya parallelelectricfield maypopulate
themagnetosphereandreappearasauroralparticles;electronbackscatterand
secondariesfrom theatmospheremayundergothesamerecycling),it isgen-
erallyagreedthat theenergyrequiredto createthe aurora,andthe various
otherdissipativeprocessesassociatedwith theaurora,comesfrom theSun
in the form of the kineticenergyof chargedparticlestransitingthe inter-
planetarymedium.Thepre-warhypothesisconcerningthenatureof theauroral
particlesandtheir energieshasbeenfully confirmed,with theexceptionthat
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heliumand oxygenions(presumablyof ionosphericorigin)wereidentified
asparticipatingin theauroral particleprecipitationin additionto the pro-
tons. Thenatureof the near-earthenergizationprocessesaffectingauroral
particleshasbeenclarified.Theseprocessesinvolveelectricfields,afactwhich
wouldnot havecomeasasurpriseto thepre-warphysicscommunity.Charged
particletrajectoriesin variouselectricfield geometrieshavebeenmodeled.
An electricfield in aregionof zeroor verylow magneticfield neartheEarth
is veryeffectivein energizingparticlesand populatinga reservoirwith hot
plasmabut, perhaps,notsoeffectivein settingtheseparticlesontrajectories
which leaddirectlyto the creationof aurora.An electricfield everywhere
perpendiculartothemagneticfieldalsoiseffectiveinenergizingplasmatrapped
in that magneticfield. Oneor theotheror both of thesenear-earthelectric
field geometriesseemquite capableof creatinga populationof energized
plasmawhich,astheparticlesareprecipitatedinto theatmosphere,would
createthe diffuseaurora.

It hasalsobeenshownthat electricpotentialdistributionsimposedperpen-
dicularto themagneticfield in theoutermagnetospherecanleadto electric
field distributionsalongacircuit path that threadsthroughtheionosphere.
Themajor portionof theavailablepotentialis alongthemagneticfield line
linkingthesetworegions.Moreover,thesenseof this field-alignedpotential
differencedevelopspreferentiallyto accelerateelectronsfrom the magne-
tosphericreservoirof hot plasmadownwardinto theatmosphere.This ac-
countsfor all the importantcharacteristicsof the discreteauroral display,
particularlythemonoenergeticnatureof theelectronenergyspectrumand
the relativelackof positiveion participationin theparticlebombardment.

Thephysicalproblemshavenow movedfrom determiningthe natureand
geometryof the electricfields,whichacceleratechargedparticlesnearthe
Earth,to accountingfor theexistenceof theseelectricfieldsasanaturalcon-
sequenceof thesolarwind'sinteractionwith theEarth.Theseexplanations
will undoubtedlycenteraroundsuchphysicalsituationsasthecreationof
chargeseparations,theexchangeof particle kinetic energy and electromagnetic

potential energy, and the character of electrical current systems in unbounded

space.

It is my opinion that ultimately the reward in continuing the work in auroral

and magnetospheric particle dynamics will be a deeper understanding of the
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subtletiesof classicalelectricityandmagnetismasappliedto situationsnot
blessedwithwell-definedandinvariantgeometries.Manyof theconceptscur-
rentlyheldasvalid may fail us in this problem,simplybecausethosecon-
ceptswerepredicatedoncertainaspectsof aphysicalsituation,suchaswires
whichpredeterminecurrentpaths,that mustberelaxed.Wehavealreadyseen
how theconceptof conductivitymisledus in the analysisof electricfields
parallelto themagneticfield line in the presenceof a collisionlessplasma.
Theidea--thatelectricalchargesmovingaroundacircuit actnotonly ascur-
rentcarriersbutalsothroughtheir ownmotionastheagentsresponsiblefor
distributing the electric field in the proper manner to ensurecurrent
continuity--hasbeenclarifiedby considerationof auroralparticledynamics.
Of course,this latterconceptappliesequallywell in a laboratorycircuit (as
doall fundamentalconceptsin electricityandmagnetism),althoughit isnot
emphasizedbecauseit seemsunimportantto obtaininga solutionto those
problems.The unboundedspaceof the solar wind, magnetospheric,and
ionosphericsystemis a problemin whichall our familiar constraintsmust
berelaxed.In this sense,it is a laboratoryfor thestudyof the interplayof
mechanicalandelectricalprocessesin thepurestof situations.As anunder-
standingof thissystemisgained,it is inevitablethat additionallongbelieved
conceptsaboutthenatureof electricityandmagnetismin dynamicalsystems
will needto bemodifiedor discarded.
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ABSTRACT

The most direct signatures of particle acceleration in flares are

energetic particles detected in interplanetary space and in the Earth's
atmosphere, and gamma rays, neutrons, hard X-rays, and radio

emissions produced by the energetic particles in the solar at-

mosphere. We review the stochastic and shock acceleration theories

in flares, and we discuss the implications of observations on parti-

cle energy spectra, particle confinement and escape, multiple ac-

celeration phases, particle anistropies, and solar atmospheric
abundances.

1. INTRODUCTION

Acceleration of energetic particles is a widespread phenomenon in nature, one

that occurs at a variety of sites ranging from the Earth's magnetosphere to

distant objects such as supernovae, active galaxies, and quasars. There are,

in fact, many explosive phenomena in astrophysics, solar flares among them,

in which energetic particles are routinely produced and often contain a large

fraction of all the available energy.
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It is widely believed [e.g., Syrovatskii, 1981] that solar flares draw their energy

from the annihilation of magnetic fields. The rapid energy deposition following

the annihilation should be an important source of turbulence and shocks. As

proposed by Fermi [1949], charged particles can be accelerated to high energies

in repeated reflections from magnetized clouds, or, in the more recent view,

from hydromagnetic turbulence and shocks. This mechanism must be impor-
tant in solar flares where shocks are known to exist and turbulence is expected

to be produced by both shocks and other mechanisms. In addition, particles

may also be accelerated in the strong electric fields which should accompany

the annihilation of magnetic fields.

Indeed, there is ample evidence for particle acceleration in flares. Energetic

particles accelerated at the Sun are directly detected in interplanetary space
and the neutral radiations (radio emissions, hard X-rays, gamma rays, and

neutrons) produced by the accelerated particles in the solar atmosphere are
observed with detectors on the ground and in space. These observations pro-

vide a variety of information on the properties of the particles, including their

energy spectrum, total numbers at the Sun and in interplanetary space, and

angular distribution at the Sun. In addition, the measured composition of

solar flare particles in interplanetary space [e.g., Breneman and Stone, 1985]

and flare gamma ray line spectroscopy [Murphy et al., 1985] provide new in-

formation on the chemical composition of the solar atmosphere.

In a previous paper [Forman, Ramaty, and Zweibel, 1986, hereafter FRZ]
we have reviewed much of the data, as well as the stochastic, shock, and elec-

tric field theories of particle acceleration in solar flares. Several other recent
reviews are also available, e.g., Goldman and Smith [1986] on radio emis-

sions, Dennis [1985] on hard X-ray bursts, Hudson [1985] on ions in solar

flares, and Lin [1985] on solar electrons in the interplanetary medium. Here

we discuss two of the leading acceleration mechanisms, the stochastic Fermi

process and diffusive shock acceleration. These mechanisms not only are ex-

pected to be important for particle acceleration in flares but also appear to

be capable of accounting for many observed solar flare phenomena related

to the acceleration of protons and relativistic electrons [Ellison and Ramaty,

1985; Murphy, Dermer and Ramaty, 1987]. We also discuss recent observa-

tions of charged particles, gamma rays, and neutrons, with particular focus
on the simultaneous observations of flares in all three of these channels.
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Thepresentpaperistheexpandedversionof the talk given by one of us (MAF)

at Frank McDonald's sixtieth birthday symposium. Frank, through his ex-
tensive and pioneering observations of accelerated particles of planetary, solar,

interplanetary, and galactic origins, has made fundamental contributions to

the understanding of astrophysical particle acceleration. Frank's most recent

contribution to solar flare studies, the observation of accelerated particles from

two neutron producing flares [McDonald and Van Hollebeke, 1985], is fun-

damental to the considerations developed and discussed in the present paper.

2. ACCELERATION MECHANISMS

A. Stochastic Acceleration

Processes in turbulent plasmas which cause particles to change their energy

in a random way with many increases and decreases in energy lead to stochastic

acceleration. In the original stochastic Fermi mechanism [Fermi, 1949], the

process was idealized as reflection from randomly moving magnetized clouds.

Stochastic acceleration can also result from resonant pitch-angle scattering

from Alfven waves with wavelengths of the order of the particle gyroradius.

To accelerate particles these waves must propagate both parallel and an-

tiparallel to the average magnetic field [Skilling, 1975]. Other modes of

stochastic acceleration, called magnetic pumping and transit-time damping,

occur through interaction with magnetosonic waves whose wavelengths are

much longer than the particle gyroradius [Kulsrud and Ferrari, 1971; Melrose,

1980; and Achterberg, 1981 ]. These modes require additional pitch-angle scat-

tering to keep the particles isotropic. Langmuir (plasma) waves or other elec-

trostatic waves with phase velocities of the order of the particle speed will

also accelerate particles stochastically [Melrose, 1980].

When the random energy increments are small compared to the particle energy,
stochastic acceleration can be described as diffusion in momentum space

characterized by a momentum diffusion coefficient D. Expressions for D
vv . . PP

for the various processes mentioned above were summarized in FRZ.

Stochastic-acceleration spectra can be obtained from these D's by solving
a transport equation [see FRZ and Droge and Schlickeiser, 198P_]which takes
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intoaccounttheinjectionof the particles, diffusion in momentum space, non-

diffusive energy changes (e.g., ionization losses, and nuclear collisions), and

escape from the acceleration region. Several of the published stochastic-

acceleration spectra are given in FRZ.

Here we discuss the simple model of acceleration by hard sphere scattering

which has been applied extensively to both solar flare particle observations

in interplanetary space [McGuire and von Rosenvinge, 1984] and gamma ray
and neutron production models at the Sun [Murphy and Ramaty, 1984; Mur-

phy, Dermer, and Ramaty, 1987]• In this treatment [Ramaty, 1979; FRZ] the

scattering mean free path is assumed to be independent of particle energy and

species, the acceleration region is characterized by a constant escape time and

all additional losses are ignored. With a steady source of q particles cm-3

s-1 at an injection momentum P0, the steady state particle density in phase
space as a function of particle momentum p is given by:

f = 6 q / (4 7r p02 mc o_) (po/p) •

• I2(2(3Po/(mc otT)) 1/2) K2(2(3p/(mc c_T))l/2), (1)

if both p and P0 are nonrelativistic, and by:

= q / (4 7r p03 C_(1 +4/(3 o_T)) 1/2) .

(P/Po) - 3/2-_(9/4 + 3/c_T) , (2)

when both p and P0 are ultrarelativistic. Here m is particle mass, p particle
momentum, T the escape time from the acceleration region, and o_ = (6V)Z/

0, c) where (tSV)2 is the mean square velocity of the scatterers and )_ the dif-

fusion mean free path in momentum space• The combination of parameters

e_T characterizes the shape of the spectrum such that a larger value of aT

corresponds to a harder spectrum. The phase space density f is related to the

differential particle density, N(E), or the differential particle flux, J(E), N(E)

= J(E)/v = A p2 f/v, where E is energy per nucleon, A is particle mass

number, and v particle velocity. In both Equations (1) and (2) p must be greater
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thanP0"For p < P0,the argumentsof 12 and K 2 in Equation (1) are inter-
changed, and the minus sign in front of the square root in the exponent in

Equation (2) is changed to a plus sign.

The nonrelativistic expression, Equation (1), can be used to fit solar flare ac-

celerated ion spectra up to about 100 MeV/nucleon. Such fits are discussed

in Section 3. The ultrarelativistic expression, Equation (2), could be used to

fit electron spectra above about 1 MeV. But if aT is rigidity independent,

the values of aT that fit the proton spectra produce ultrarelativistic electron

spectra which are much steeper than those observed [e.g., Ramaty, 1979].

Clearly, a complete stochastic acceleration model should take into account

the rigidity dependence of aT, but no attempts have yet been made (see FRZ)

to compare the theory with data in detail.

A very important question in all particle acceleration theories, including

stochastic acceleration, is that of injection. We first note that the basic con-

cept of stochastic acceleration assumes that the energy changes are small com-

pared with the particle energy and therefore the particle velocity must be much

greater than t_V. Furthermore, for resonant scattering, ions must have v >

Vg to scatter from Alfven waves and electrons must have v > 43V g to scat-
ter from whistlers [Melrose, 1974]. An additional injection condition is set

by the requirement that the systematic acceleration rate due to diffusion in

momentum space be larger than the ionization and Coulomb energy loss rates

of the particles. A detailed comparison of these rates was given in FRZ.

The acceleration time in stochastic acceleration can be studied from the time

dependent solutions of the transport equation. The relevant parameters are

_V and k. If we set 6V = VA, then a typical value is/_V = 1000 km/sec,
corresponding to a magnetic field of 100 gauss and an electron density of

5 × 101° cm -3. The diffusion mean free path should be at least as large as the

particles gyroradius. Taking )x to be 100 times the gyroradius of a 20 MeV

proton, we obtain ), = 7 x 105 cm. Then the acceleration parameter o_ = 0.5.
For this or, the time dependent solutions of the transport equation obtained

[Ramaty, 1979; FRZ] for impulsive injection and perfect trapping (T---oo)
imply that a significant number of protons are accelerated to tens of MeV

in less than 1 sec. In general, a time of the order 1/o_ is required to accelerate

particles to relativistic energies.
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B. ShockAcceleration

Solarflareshockspropagateupwardthroughthesolarcoronaat speedsof
about500to 2000km/sec,asindicatedbyTypeII radiobursts[e.g., Goldman

and Smith, 1986] and laterally through the chromosphere where they are seen

as Moreton waves [Uchida, 1974]. The occurrence of solar energetic particles
in space is strongly correlated with flares having Type II bursts [Svestka and

Fritzova, 1974]. Flare shocks, corotating shocks, and planetary bow shocks

are observed to accelerate particles in interplanetary space (see references in

FRZ). A flare shock can transport particles in an energy independent man-

ner through the corona until they escape onto open field lines. Shock accelera-

tion has been reviewed by Toptygin [1980] and Axford [1982] and applied

to solar flares by Achterberg and Norman [1980], Decker, Pesses, and Arm-

strong [1981], Ellison and Ramaty [1985], and Lee and Ryan [1986].

There are basically two types of shock acceleration: scatter-free, in which par-
ticles gain energy by reflection in a single shock encounter [Sonnerup, 1973;

Armstrong, Pesses, and Decker, 1985; references in FRZ] and diffusive, in

which particles gain energy by repeated scattering between the converging

plasmas on either side of the shock [e.g., Axford, Leer, and Skadron, 1977;
Axford, 1982 and; Forman and Webb, 1985]. The scatter-free mechanism can

enhance the particle energy by about an order of magnitude if the shock is

nearly perpendicular (i.e., the magnetic field is nearly perpendicular to the

shock normal), but in that case only particles with speeds which are already

much greater than the shock speed can be reflected. Further acceleration,

however, requires multiple reflections. These are possible if there is particle

scattering in the fluid flow or if the particles are trapped between converging
shocks in a flare loop [Wentzel, 1965; Bai et al., 1983].

Acceleration by diffusive scattering across the shock is a first order Fermi

process, in the sense that every shock crossing results in an energy gain. It
is in principle more efficient than stochastic acceleration because it derives
energy directly from the compression of the flow at the shock. For this

mechanism to be effective, there must be adequate particle scattering both

upstream and downstream of the shock. The passage of the shock is expected
to generate turbulence downstream which will scatter the particles. Scatter-

ing upstream, however, is more problematic [Holman, Ionson, and Scott,
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1979].Observations[TsurutaniandRodriquez,1981]of interplantetaryshocks
andplanetarybow shocksshowthat whenthey arenearlyparallel thereis
averyturbulentforeshockregioncapableof scatteringparticles.Sucharegion
couldbeproducedby theacceleratedparticlesthemselves[Achterbergand
Norman, 1980;Lee,1982].

In thesimplestexampleof diffusiveshockaccelerationataplanarshockwhere
the only lossesaredueto convectionof theparticlesawayfrom the shock
downstream,theenergeticparticledensityinphasespaceisgivenbya power
law in momentum,f - p-O,wherea = 3V/AV, V is the shock speed and

AV the discontinuity in the plasma speed at the shock. In terms of the shock

compression ratio, r, tr = 3r/(r-1). For a strong shock in a nonrelativistic
fluid r = 4 and hence f - p-4. For weaker shocks, 4 > r > 1 and the power

law is steeper. The momentum power law p-_ implies [Ellison and Ramaty,

1985] that differential flux as a function of energy per nucleon, J(E), has an

energy dependent spectral index which approaches s = (r + 2)/(r - 1) in the

ultrarelativistic regime and s/2 in the nonrelativistic regime.

A variety of effects truncate the power law behavior of shock-accelerated spec-

tra at high energies. The effects that have been considered specifically are

adiabatic deceleration [Lee and Ryan, 1986], shock lifetimes comparable to

particle acceleration times [Forman, 1981] and shock sizes comparable to par-

ticle diffusion lengths [e.g., Ellison, 1984]. These effects all produce spectra

that turn over at high energies when the diffusion coefficient increases with

momentum. The derivation of the exact forms of these turnovers generally

requires numerical treatments. In many cases, however, they can be approx-

imated by exponentials [e.g., Ellison and Ramaty, 1985],

fi(P) - p-O exp(-E/E_), (3)

where fi is the phase space density of particles of species i, and E_ is the turn-
over kinetic energy for species i. In the case of particle escape at an escape

boundary at a given distance from the shock, E_ depends on the distance to
this boundary and the diffusion coefficent. If the diffusion mean free path
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is proportionalto particlegyroradius,the turnoverenergiesof the various
speciesarerelatedby:

v(E0i)R(E0i)= v(E0p) R(E0p), (4)

where R is particle rigidity, E0p is the proton turnover kinetic energy, and E0_
is energy per nucleon for nuclei and energy for electrons. Equation (3) can
be used to fit both ion and electron spectra. We present such a fit in the next

section.

As for stochastic acceleration, and for shock acceleration as well, the ques-

tion of injection is very important. Ionization and Coulomb energy losses to

the ambient medium have the same role in determining injection conditions

in shock acceleration as they do in stochastic acceleration. In addition, for

diffusive shock acceleration, particles downstream must have sufficient velocity

to overtake the shock. This is at least (V- AV) directed towards the shock,

and increases as (cos qJ)-2, where qJ is the angle between the downstream

field and the shock normal. The velocity V - AV is at least as great as VA or
AV, and with the additional (cos q_)-2 factor, the threshold for shock ac-

celeration could be higher than for stochastic acceleration.

Another injection condition is set by the finite width of the shock which could

depend on many parameters including the pressure of the accelerated par-
ticles. When this pressure is taken into account [Axford, Leer, and Skadron,

1977; references in FRZ] all or part of the velocity change AV is smoothed

out over a length scale - I_/V, where l_ is the diffusion coefficient of the

energetic particles averaged over their energy spectrum. This smoothing could

affect the composition of the accelerated particles [Eichler, 1979]. Drury, Ax-

ford, and Summers [1982] show analytically that when k is independent of

energy, the smoothing causes the dominant accelerated species (i.e., protons)

to have a steeper spectrum than in the case of an infinitely thin shock. Minor

species which are only partially stripped could have larger diffusion coeffi-

cients than the protons if the diffusion mean free path is rigidity dependent,
and therefore for them k > k. Drury, Axford, and Summers [1982] show that

the spectrum of such minor species is flatter than for protons and approaches

that of an infinitely thin shock.
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Themeanrateof energygain in shockaccelerationis(seeFRZ):

dE/dt = 3/4 (V AV) (p/X). (5)

Ellison and Ramaty [1985] have shown that if _, is proportional to gyroradius,

the acceleration time for both protons and electrons is:

t a = 2x 10 -4 f (E-Einj)/((B/100 gauss)(V AV/106 km2/sec2)), (6)

where t is in sec, E and E.. are the final and injection energies in MeV, and
a lnj

f is the ratio of )_to the gyroradius. It is expected that f is much greater than

unity. For f = 100, B = 100 gauss and V = AV = 103 km/sec, the accelera-
tion time to 20 MeV is - 0.4 sec. We note that the acceleration time is the

same for protons and electrons, a result which follows from the assumed linear

dependence of the mean free path on gyroradius.

3. OBSERVATIONS AND THEIR INTERPRETATIONS

We discuss the following: (1) energy spectra, (2) the trapping and escape of
the particles and the related problem of multiple acceleration phases, (3)

angular distributions at the Sun, and (4) abundance determinations from

energetic particle and gamma ray observations.

A. Energy Spectra

The energy spectrum of accelerated particles is perhaps the most important

diagnostic of acceleration mechanisms. Information on energy spectra is ob-

tained from both the charged particles observed in interplanetary space, and

the gamma ray and neutron data. The interplanetary observations provide

information on the energy spectrum of the particles which escape from the Sun.

As indicated by upper limits on 2H, 3H, Li, Be, and B [McGuire, von Rosen-

vinge, and McDonald, 1979], the amount of matter traversed by the escaping

particles (< 0.1 g/cm-3) is generally insufficient for the production of the

observed gamma rays [Ramaty, 1986]. Gamma rays and neutrons are pro-

duced by the particles which slow down and thermalize in the solar atmosphere.

55



Observationsof theseneutralemissions,therefore,provideinformation on

the particles which remain trapped at the Sun.

The energy spectra obtained from charged particle observations have been

reviewed by McGuire and von Rosenvinge [1984]. In determining spectra from

such observations the effects of coronal and interplanetary transport must

be minimized. It was shown [Van Hollebeke, MaSung, and McDonald, 1975]

that this can be achieved by considering only particle events from flares that

are well connected magnetically to the observing spacecraft and by construc-
ting the energy spectra at times of maximum intensity at each energy. Using

this technique, McGuire, von Rosenvinge, and McDonald [1981] and McGuire

and von Rosenvinge [1984] showed that over the broad energy range (from

about 1 to 400 MeV) proton spectra can be fit with the Bessel function spec-

tra expected from stochastic acceleration [Equation (1)] with values of c_T

between 0.015 and 0.035. But as emphasized in FRZ, energy spectra obtained
from shock acceleration could also fit these data.

Proton spectra have been determined from gamma ray and neutron observa-

tions using three different techniques [Murphy and Ramaty, 1984; Murphy,
Dermer, and Ramaty, 1987]. The first one considers the ratio of the fluence

in excess of a power law in the 4-7 MeV range to the fluence in the 2.223

MeV line. This excess is due to nuclear line emissions. The second technique

uses observed neutron spectra which depend on the spectrum of the protons

which produce the neutrons; and the third is based on the ratio of the 4-7

nuclear excess to the pion decay emission at photon energies > 10 MeV. The

first technique is sensitive to the spectrum in the 10 - 100 MeV range, the sec-

ond probes the spectrum in the 50 MeV - several GeV range and the third

is sensitive to the ratio of the number of particles in the 10 - 100 MeV range

to the number above the pion production threshold (few hundreds MeV).

When analyzed in terms of the Bessel function of Equation (1), the 4-7 MeV

to the 2.223 MeV line ratios for 15 flares yielded values of aT in the range

from 0.014 to 0.038 [Murphy and Ramaty, 1984; Hua and Lingenfelter, 1987a].

This range is essentially the same as that obtained from the interplanetary

charged particle data. However, the implications of this overlap are not clear
because most of the particle events correspond to a different set of flares than

the one used to derive the gamma ray results.
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There are, in fact, only three flares for which energy spectra have been deter-

mined simultaneously from gamma ray and charged particle data: June 7,
1980; June 21, 1980; and June 3, 1982. For the June 7 flare, the 4-7 MeV

to 2.223 MeV ratio yields o_T = 0.021 +_0.003 [Murphy and Ramaty, 1984;

Hua and Lingenfelter, 1987a] and the charged particle data yield aT = 0.013

[McGuire and von Rosenvinge, 1985]. For the June 21 flare, the 4-7 MeV

to 2.223 MeV ratio yields aT = 0.022 _+0.007 [Hua and Lingenfelter, 1987a]
and the charged particle data yield o_T = 0.025 [Murphy, Dermer, and Ramaty,

1987] using the data of McDonald and Van Hollebeke [1985] shown in Figure

1. For the June 21 flare c_T was also determined [Murphy and Ramaty, 1984]

from neutron observations [Chupp et al., 1982] yielding aT -=-0.025. We see

that for both the June 7 and June 21 flares the spectrum of the particles which

escaped from the Sun could have been similar to the spectrum of the par-

ticles which slowed down and thermalized in solar atmosphere. It is possible

that for these flares a common acceleration mechanism operating at a com-

mon acceleration site is responsible for both particle populations.

The interplanetary proton and electron spectra from the June 3, 1982 flare

[McDonald and Van Hollebeke, 1985] are shown in Figure 2 [from Murphy,

Dermer, and Ramaty, 1987]. As can be seen, a power law fits the proton spec-
trum better than does a Bessel function. This power law is given by Equation

(3) with s -- 2.4 (a= 4.4) and E^ >>300 MeV. The gamma ray data from
up

this flare, however, cannot be reproduced with a single, time independent,

proton spectrum [Murphy, Dermer, and Ramaty, 1987]. Early in the flare

(for about 100 sec) the proton spectrum can be fit with a Bessel function with

aT = 0.04, but later in the event the observed ratio of the 4-7 MeV nuclear

excess [Prince et al., 1983; Chupp et al., 1987] to the emission from the decay

of pions [Forrest et al., 1985, 1987] implies that the spectrum must harden.

At these later times the spectrum is consistent with the proton spectrum ob-

served in interplanetary space (s = 2.4 and E0p > 300 MeV).

The inferred hardening of the proton spectrum suggests that not all the par-

ticles accelerated in the June 3 flare had a common origin. Murphy, Dermer,

and Ramaty [1987] show that a wide variety of data from the June 3 flare

(pion decay emission, nuclear deexcitation lines, the 2.223 MeV and 0.511
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MeV lines,neutronsandinterplanetarychargedparticles)canbeexplained
by amodelwhichincorporatestwodistinctparticlepopulationswithdifferent
accelerationhistoriesanddifferentbut timeindependentenergyspectra.They
suggestthat the softerproton spectrumis acceleratedearlyin the flareby
thefirst of twoaccelerationphases,whilelaterin theflaresecondphaseacceler-
ation producesamuchharderspectrum.Weshalldiscussthesemultipleac-
celerationphasesin thenextsubsection,butbeforethat wewill commenton
the maximumenergyof particlesacceleratedin flares.

As just mentioned,the interplanetaryproton spectrumof theJune3, 1982
flarewasexceptionallyhard,but theseobservationsdeterminedthe proton
spectrumonlyup to - 200 MeV. The ground-based neutron observations from

this flare [Debrunner et al., 1983], which are very sensitive to protons of GeV

energies, set an upper limit, E_ _ 3 GeV [Murphy, Dermer, and Ramaty,
op

1987]. The highest energy particles from flares have been seen with ground-
based detectors. These show that the interplanetary proton spectrum from

solar flares occasionally extends to energies _ l0 GeV [Debrunner et al., 1984].

B. Trapping and Escape of Particles and Multiple Acceleration Phases

With a few exceptions (the flares of August 4, 1972 and June 3, 1982), the

number of protons deduced from gamma ray and neutron observations ex-

ceeds by at least an order of magnitude the number obtained from in-

terplanetary observations of the same flares. This implies that the gamma rays
and neutrons are produced by particles accelerated in and confined to closed

magnetic configurations, probably magnetic loops. On the other hand, there
are many flares which produce large fluxes of interplanetary particles without

producing detectable gamma rays or neutrons. The flare of December 9, 1981

is an example [Cliver et al., 1983]. The number of escaping particles from
this flare exceeds the upper limit set [Vlahos et al., 1987] by gamma ray obser-

vation by a factor of 5. These particles are most likely accelerated at coronal

sites with ready access to interplanetary space.

These results are consistent with the two phase acceleration model suggested

originally by Wild, Smerd, and Weiss [1963]. Recently Cane, McGuire, and

von Rosenvinge [1986] have related the two acceleration phases to two classes
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of solar flare particle eventswhich can bedistinguishedby a variety of
signaturesincluding the duration of their associatedsoft X-ray emission
[Pallavicini, Serio, and Vaiana, 1977]. The first class, characterized by short

duration impulsive events, is probably due to impulsive energy release in com-

pact source regions relatively low in the corona. The second class, characterized

by longer duration soft X-ray emission, corresponds to energy release in ex-

tended regions high in the corona. It is reasonable to associate the bulk of

the gamma ray flares (including the June 7, 1980 and June 21, 1980 flares

for which only a small fraction of the protons escaped from the Sun) with
the first class or the first phase, and the interplanetary proton events which

do not show detectable gamma rays (e.g., the December 9, 1981 flare) with

the second class or phase. A similar classification has also been proposed re-

cently by Bai [1986].

Of all flares, only the June 3, 1982 flare produced observable gamma ray emis-

sion which can be associated with second phase acceleration. As in other gam-

ma ray flares, this flare also produced nuclear line emission and neutron cap-
ture radiation [Prince et al., 1983, Chupp et al., 1987]. These emissions are

typical of first phase acceleration [Murphy, Dermer, and Ramaty, 1987]. But

the June 3 flare also produced emission from the decay of pions [Forrest et

al., 1987] and the time profile of the observed pion decay emission strongly

suggests second phase acceleration [Ramaty, Murphy, and Dermer, 1987].

The number of escaping particles from this flare was smaller by about an order

of magnitude than the number deduced from the gamma ray and neutron

data in the first phase and exceeded by a factor of about 50 the number deduced

from the pion decay gamma rays in the second phase. In addition, as dis-

cussed above, the spectrum of the escaping particles is much more consistent

with the spectrum of the second phase particles than with that of the first

phase ones. These results suggest that during its first phase the June 3 flare

was similar to the other gamma ray flares in which the bulk of the interacting

particles remained trapped and thermalized at the Sun. During the second

phase of this flare, the bulk of the particles escaped. This phase of the June

3 flare resembles the flares which produce interplanetary particles without

detectable gamma rays and neutrons. Second phase gamma rays were seen

from the June 3 flare only because of its very hard proton spectrum which

led to efficient pion production.
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C. EnergeticParticleAnisotropiesin the SolarAtmosphere

Theobservationsthat continuumgammaray emissionisseenpreferentially
from flarescloseto thesolarlimb [Rieger et al., 1983; Vestrand et al., 1987]

suggest that the angular distribution of the relativistic electrons in the region

where the gamma rays are produced is anisotropic. It was suggested that this

limb brightening could be due to an electron distribution that at injection was

isotropic in the downward hemisphere [towards the photosphere, Petrosian,

1985], and by electron distributions in the interaction region which were peaked

at directions either parallel or perpendicular (downward) to the photosphere
[Dermer and Ramaty, 1986].

The angular distribution of the protons in the gamma ray production region

can be studied by comparing the 2.223 MeV line, which is produced by neutrons
moving downward into the photosphere, with the neutron flux observed near

Earth. A recent study [Hua and Lingenfelter, 1987b] indicates that both an
isotropic (47r) proton distribution and a distribution peaking at directions

parallel to the photosphere are consistent with the data, but a distribution

which is isotropic in only the downward hemisphere is not. This result, coupled

with those on relativistic electrons, suggests that the gamma rays are probably
produced by a mirroring distribution peaking at directions parallel to the
photosphere.

D. Solar Elemental Abundances

The observation of energetic particles escaping from the Sun and gamma ray

lines from solar flares have provided two new techniques for determining

elemental abundances in the solar atmosphere. The elemental composition

of the energetic particle depends on the composition of the ambient medium

from which these particles are accelerated, but the injection and acceleration

processes are expected to modify the composition significantly. Gamma ray
line intensities are directly proportional to the abundance of elements in the

ambient solar atmosphere, but so far the gamma ray spectrum of only one
flare was analyzed in sufficient detail to determine abundances.
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Nuclei heavier than He in solar energetic particles were first detected by Fichtel

and Guss [1961] and since then many measurements of such particles have
been made (see references in FRZ). The observed solar energetic particle com-

position is highly variable. The most dramatic departure of a solar energetic
particle abundance from its photospheric value is that of 3He [Garrard,

Stone, and Vogt, 1973]. Here very large enhancements are observed in the

3He/4He ratio above its likely photospheric value [see Kocharov and

Kocharov, 1984 for review]. These enhancements are probably caused by reso-

nant heating of 3He in the ambient atmosphere which could lead to the

preferential accelerations of aHe [Fisk, 1978; Kocharov and Kocharov,

1978]. It has been shown recently [Reames, von Rosenvinge, and Lin, 1985]

that the preferential acceleration of 3He is most likely a first phase

phenomenon.

Observations of the 2.223 MeV line from solar flares have been used to deter-

mine the photospheric abundance of 3He. It was shown by Wang and Rama-

ty [1974] that the photospheric 3He is an important neutron sink and
therefore the observed 2.223 MeV line, which results from neutron capture

on _H, can set limits on the photospheric 3He abundance. Recently, Hua and

Lingenfelter [1987c] used the detailed June 3, 1982 observations of the 2.223
MeV line [Prince et al., 1983] to determine the 3He abundance. They

obtained 3He/H = (2.3_+ 1.2) × 10 -5.

It would appear that the large variations of the observed composition of the

solar energetic solar particles would preclude the determination of abundances
in the ambient medium. Nonetheless, it has been suggested [Meyer, 1985a]

that for non 3He rich flares (for which the abundance variations are rela-

tively small) the acceleration and injection effects could be separated from
effects related to the ambient medium composition. In particular, it has been

shown [Breneman and Stone, 1985] that the ratio of the abundance of elements
observed in individual flares to the mean abundance (determined by averag-

ing abundances of several flares) is a monotonic function, (Q/M) x, where Q
and M are ionic charge and mass, and x varies from flare to flare. These mean
abundances could be similar to those of the ambient medium.

In Table 1 we show abundances derived from various sources. The local galactic

(LG) set [Meyer, 1985b] is thought to represent photospheric abundances,
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TABLE 1

Elementat Abundances

E I ement Loca t
1

Galactic

1

Corona

2

SEP

C 1260.00 (1.26)

N 225.00 (1.41)

0 2250.00 (1.25)

Ne 325.00 (1.50)

Na 5.50 (1.18)

Mg 105.00 (1.03)

At 8.40 (1.05)

si 100.00 (1.03)

p 0.94 (1.24)

S 43.00 (1.36)

Cl 0.47 (1.60)

Ar 10.70 (1.50)

K 0.34 (1.14)

Ca 6.20 (1.14)

Ti 0.27 (1.16)

Cr 1.29 (1.10)

Mn 0.77 (1.24)

Fe 88.00 (1.07)

Ni 4.80 (1.13)

Zn 0.10 (1.22)

600.00 (3.00)

100.00 (1.70)

630.00 (1.60)

90.00 (1.60)

7.00 (1.70)

95.00 (1.30)

7.00 (1.70)

100.00 (1.30)

22.00 (1.70)

5.40 (1.80)

7.50 (1.60)

100.00 (1.50)

5.50 (1.70)

271.00+-26.00

77.50+- 5.20

623.00+-35.00

88.70+- 8.70

7.33+" 0.70

120.60+" 6.20

8.74+- 0.42

100.00

0.46+" 0.07

22.20+- 0.75

0.21+- 0.07

2,07+- 0,33

0.33+" 0.15

6.80+" 1.10

0.38+" 0.11

1.43+" 0.27

0.52+- 0.25

95.90+'I0.00

3.38+- 0.50

0.11+'0.05

I. Meyer (1985b)

2. Breneman and Stone (1985)

3. Murphy et al. (1985)

3

Gamma Rays

288.00+-50.00

117.00+-91.00

422.00+-62,00

199.00+-27,00

68.00+-25.00

100.00+-28.00

48.00+-83.00

17.00+-15.00

76.00+'18.00
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even though the Ne abundance has not yet been measured in the photosphere.

The coronal (COR) set, based on spectroscopic observations of the corona,

is also from Meyer [1985b]. The mean solar energetic particle abundances

(SEP) are from Breneman and Stone [1985]. The gamma ray (GR) set is from

Murphy et al. [1985].

To compare these abundances, we have renormalized each pair of sets using

multiplicative factors determined by minimizing x2. The ratios of elemental

abundances for each pair are shown in Table 2; together with the number

of degrees of freedom, n; the value of the reduced x2, Xn2; and the corre-
sponding probability. Here the elements are ordered by decreasing first ioniza-

tion potential. As can be seen, it is very improbable that the LG and SEP

sets are drawn from the same underlying population. In particular, the SEP

to LG ratios for elements with high ionization potential are lower than the

ratios for elements with low ionization potential. A similar suppression has

been found in the coronal abundances relative to the local galactic abundances

(see the COR/LG ratios), although here the difference is much less signifi-

cant. As we have argued above, and as suggested by charge state measurements

[Gloeckler, 1985], the solar energetic particles are probably accelerated in the

corona. The SEP abundance set could therefore represent coronal abundances.

The differences between coronal and photospheric abundances could be caused

by charge dependent mass transport from the photosphere to the corona. Since

the photosphere is collisionally ionized at a relatively low temperature, the

transport could be less efficient for elements with high ionization potential,

leading to suppressed abundances for such elements.

The gamma ray set probably represents chromospheric abundances in a flare

loop [Murphy and Ramaty, 1984]. As for the SEP/LG ratios, the GR/LG

ratios for O and C are lower than the ratios for Mg, Si, and Fe. The ioniza-

tion potentials of C and O are higher than those of Mg, Si, and Fe. The sup-

pression of the C and O abundances could also be caused by charge depen-

dent transport, from the photosphere to the chromosphere in this case.

However, if the Ne abundance in the photosphere (where it cannot be

measured) is the same as in the local galactic set, then the difference between

the chromospheric and photospheric abundances must be due to additional

processes, because correlation with first ionization potential alone would
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TABLE 2

Ratios of elemental abundances for the six combinations of the data sets of Table 1.

2

Also shown are the degrees of freedom, n, the minimal reduced X and the corresponding

probability, P(X), for each set of ratios. The elements are ordered by decreasing first

ionization potentials.

Element SEP/LG GR/LG SEP/COR GR/COR GR/SEP COR/LG

Re 0.27+-0.14 0.80+-0.41 0.93+-0.57 1.84+-1.13 2.17+-0.36 0.32+-0.25

Ar 0.19+-0.10 .... 0.36+-0.30 ........ 0.58+-0.55

N 0.34+-0.14 0.68+-0.59 0.73+-0.52 0.97+-I.02 1.46+-1.14 0.51+-0.41

0 0.27+-0.07 0.24+-0.07 0.93+-0.56 0.56+-0.34 0.66+-0.10 0.32+-0.21

Cl 0.42+-0.29 ....................

C 0.21+-0.06 0.30+-0.09 0.43+-0.85 0.40+-0.80 1.03+-0.20 0.55+-1.10

P 0.48+-0.13 ....................

S 0.50+-0.18 1.45+-2.56 0.95+-0.67 1.81+-3.39 2.09+-3.62 0.59+-0.46

Zn 1.05+-0.57 .................

Si 0.97+-0.03 1.30+-0.37 0.95+-0.28 0.83+-0.34 0.97+-0.27 1.15+-0.35

Fe 1.06+-0.13 1,12+-0.28 0.91+-0.46 0.63+-0.35 0.77+-0.20 1.30+-0.66

Mg 1.12+-0.07 0.84+-0.31 1.20+-0.37 0.60+-0.28 0.55+-0.20 1.04+-0.31

Ni 0.69+- O. 13 .... 0.58+-0.42 ......... 1.32+-0.94

Mn 0.66+-0.35 - ....................

Ti 1.37+-0.45 ....................

Cr 1.08+-0.23 ....................

Ca 1.07+-0.23 3.56+-3.18 0.86+-0.53 1.89+-2.01 2.42+-2.17 1.39+-0.86

AI 1.01+-0.07 .... 1.18+-0.83 ........ 0.96+-0.67

Na 1.30+'0.26 .... 0.99+-0.70 ........ 1.46+-I.06

K 0.94+'0.45 ....................

n

2

X (n)

19 8 12 8 8 12

2.29 2.47 0.15 0.51 3.61 0.85

"3 "2 -3

1.1xi0 1.1xi0 >0.99 0.85 <10 0.6
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predict a lower Ne abundance than the one obtained from the gamma ray
studies.

Also shown in Table 2 are ratios of the gamma ray set to the SEP and co-

ronal sets, and the ratios of the coronal set to the local galactic set. The dif-

ference between the GR and SEP sets is significant. In addition to the dif-

ferent Ne abundances, we also note that Mg in the GR set is significantly lower

than in the SEP set (see also Table 1). There is no simple interpretation for

this result. Clearly, the effects of injection and acceleration on the mean SEP

abundances are not fully understood. Also, gamma ray data from more flares

are needed to establish the constancy or variability of the abundances derived

from gamma ray spectroscopy.

Elemental compositions have also been studied for 3He rich flares. Mason
et al. [1986] found that the heavy ion enrichments seen in these flares are un-

correlated with the 3He enrichment. As pointed out above, the 3He enrich-

ment is most likely due to preferential heating and acceleration. Mason et

al. [1986] suggest that the heavy ion enrichments seen in 3He flares are

caused by enrichments in the ambient coronal composition.

4. SUMMARY

That particle acceleration plays a dominant role in the physics of solar flares

has been known for some time. In the present paper we have emphasized

phenomena related to the acceleration of ions and relativistic electrons. We

treated the presently best understood acceleration mechanisms, stochastic ac-

celeration, and shock acceleration. We presented recent charged particle, gam-

ma ray, and neutron observations, and we discussed their implications. These

observations are highly complementary. The gamma rays and neutrons pro-

vide information on the particles which thermalize in the solar atmosphere,

while the charged particles observations provide a direct sample of the escap-

ing particles. The combination of information on the escaping and trapped

particle populations strongly suggests the existence of multiple acceleration

phases, which could be the manifestation of multiple acceleration sites, times,

and perhaps even mechanisms.
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Particlesacceleratedinsolarflaresalsoprovideinformationonelementalabun-
dancesin thesolaratmosphere.This information is obtainedby measuring
thecompositionof theescapingparticles,byobservingthegammaray lines
whichareproducedfrom ambientnucleiexcitedby theacceleratedparticles,
andby studyingthe2.223MeV line whichgivesinformationon the3Hein
thephotosphere.Abundancevariationsin thechromosphereandcoronaare
suggestedby theseobservations.

REFERENCES

Achterberg,A., 1981,Astron. and Astrophys., 97, 259.

Achterberg, A., and Norman, C. A., 1980, Astron. andAstrophys., 89, 353.

Armstrong, T. P., Pesses, M. E., and Decker, R. B., 1985, in Collisionless
Shocks in the Heliosphere: Reviews of Current Research, ed. B. T. Tsurutani

and R. G. Stone (Washington, DC: AGU), p. 271.

Axford, W. I., 1982, in Plasma Astrophysics, ed. T. D. Tuyenne and T. Levy,
ESA Publication SP-151.

Axford, W. I., Leer, E., and Skadron, G., 1977, 15th Internat. Cosmic Ray
Conference Papers (Plovdiv), 11, 132.

Bai, T., 1986, Astrophys. J., 308, 912.

Bai, T., Hudson, H. S., Pelling, R. M., Lin, R. P., Schwartz, R. A., and

von Rosenvinge, T. T., 1983, Astrophys. J., 267, 433.

Breneman, H. H., and Stone, E. C., 1985, Astrophys. J., 299, L57.

Cane, H. V., McGuire, R. E., and von Rosenvinge, T. T., 1986, Astrophys.

J., 301, 488.

Chupp, E. L. et al., 1982, Astrophys. J., 263, L95.

68



Chupp,E. L. et al., 1987,Astrophys. J., in press.

Cliver, E. V., Forrest, D. J., McGuire, R. E., and von Rosenvinge, T. T.,

1983, 18th Internat. Cosmic Ray Conference Papers (Bangalore), 10, 342.

Debrunner, H., Fluckiger, E., Chupp, E. L., Forrest, D. J., 1983, 18th In-

ternat. Cosmic Ray Conference Papers (Bangalore), 4, 75.

Debrunner, H., Fluckiger, E., Lockwood, J. A., and McGuire, R. E., 1984,

J. Geophys. Res., 89, 769.

Decker, R. B., Pesses, M. E., and Armstrong, T. P., 1981, 17th Internat.

Cosmic Ray Conference Papers (Paris), 3, 406.

Dennis, B. R., 1985, Solar Phys., 100, 465.

Dermer, D. C., and Ramaty, R., 1986, Astrophys. J., 301, 962.

Droge, W., and Schlickeiser, R., 1986, Astrophys. J., 305, 909.

Drury, L. O. C., Axford, W. I., and Summers, D., 1982, Mon. Not. Roy.

Astron. Soc., 198, 833.

Eichler, D., 1979, Astrophys. J., 229, 419.

Ellison, D. C., 1984, J. Geophys. Res., 90, 29.

Ellison, D. C., and Ramaty, R., 1985, Astrophys. J., 298, 400.

Fermi, E., 1949, Phys. Rev., 75, 1169.

Fichtel, C. E., and Guss, D. E., 1961, Phys. Rev. Letters, 6, 495.

Fisk, L. A., 1978, Astrophys. J., 224, 1048.

Forman, M. A., 1981, Advances in Space Res., 1, 41.

69



Forman,M. A., Ramaty,R., andZweibel,E. G., 1986,in Physics of the

Sun, ed. P. A. Sturrock (Dordrecht: D. Reidel Publishing Co.), p. 249.

Forman, M. A., and Webb, G. M., 1985, in Collisionless Shocks in the

Heliosphere: A Tutorial Review, ed. R.G. Stone and B.T. Tsurutani

(Washington, DC: AGU), p. 91.

Forrest, D. J., Vestrand, W. T., Chupp, E. L., Rieger, E., Cooper, J., and

Share, G. H., 1985, 19th Internat. Cosmic Ray Conference Papers (La Jolla),

4, 249.

Forrest, D. J., Vestrand, W. T., Chupp, E. L., Rieger, E., Cooper, J., and

Share, G. H., 1987, Advances in Space Res. (COSPAR), in press.

Garrard, T. L., Stone, E. C., and Vogt, R. E., 1973 in High Energy

Phenomena on the Sun, ed. R. Ramaty and R. G. Stone, NASA SP 342, p. 341.

Gloeckler, G., 1985, Advances Space Res. (COSPAR), 4, 127.

Goldman, M. V., and Smith, D. F., 1986, in Physics of the Sun, ed. P. A.

Sturrock (Dordrecht: D. Reidel Publishing Co.), p. 325.

Holman, G. D., Ionson, J. A., and Scott, J. S., 1979, Astrophys. J., 228, 576.

Hua, X-M., and Lingenfelter, R. E., 1987a, Solar Physics, in press.

Hua, X-M., and Lingenfelter, R. E., 1987b, Astrophys. J., (submitted).

Hua, X-M., and Lingenfelter, R. E., 1987c, Astrophys. J., (submitted).

Hudson, H. S., 1985, Solar Physics, 100, 515.

Kocharov, G. E., and Kocharov, L. G., 1978, lOth Leningrad Syrup. on

Cosmic Physics, (Leningrad: A. F. Yoffe Physico-Technical Inst.), p. 38.

Kocharov, L. G., and Kocharov, G. E., 1984, Space Sci. Rev., 38, 89.

70



Kulsrud,R. M., andFerrari, A., 1971, Astrophys. and Space Sci., 12, 302.

Lee, M. A., 1982, J. Geophys. Res., 87, 5063.

Lee, M. A., and Ryan, J. M., 1986, Astrophys. J., 303, 829.

Lin, R. P., 1985, Solar Phys., 100, 537.

Mason, G. M., Reames, D. V., Kleckler, B., Hovestadt, D., and von Rosen-

vinge, T. T., 1986, Astrophys. J., 303, 849.

McDonald, F. B., and Van Hollebeke, M. A. I., 1985, Astrophys. J., 290, L67.

McGuire, R. E., and von Rosenvinge, T. T., 1984, Advances in Space Res.

(COSPAR), 4, No. 2-3, 117.

McGuire, R. E., von Rosenvinge, T. T., and McDonald, F. B., 1979, 16th

Internat. Cosmic Ray Conference Papers (Kyoto), 5, 61.

McGuire, R. E., von Rosenvinge, T. T., and McDonald, F. B., 1981, 17th

lnternat. Cosmic Ray Conference Papers (Paris), 3, 65.

Melrose, D. B., 1974, Solar Physics, 37, 353.

Melrose, D. B., 1980, Plasma Astrophysics (New York: Gordon and Breach).

Meyer, J. P., 1985a, Astrophys. J. (Supp.), 57, 151.

Meyer, J. P., 1985b, Astrophys. J. (Supp.), 57, 173.

Murphy, R. J., Dermer, C. D., and Ramaty, R., 1987, Astrophys. J. (Supp.),

in press.

Murphy, R. J., and Ramaty, R., 1984, Advances Space Res. (COSPAR), 4,
No. 7, 127.

71



Murphy,R. J., Ramaty,R., Forrest,D. J., andKozlovsky,B., 1985,19th

Internat. Cosmic Ray Conference Papers (La Jolla), 4, 2.

Pallavicini, R., Serio, S., and Vaiana, G. S., 1977, Astrophys. J., 216, 108.

Petrosian, V., 1985, Astrophys. J., 299, 987.

Prince, T. A., Forrest, D. J., Chupp, E. L., Kanbach, G., and Share, G. H.,

1983, 18th Internat. Cosmic Ray Conference Papers (Bangalore), 4, 79.

Ramaty, R., 1979, in Particle Acceleration in Astrophysics, ed. J. Arons et

al. (New York: American Institute of Physics), p. 135.

Ramaty, R., 1986, in Physics of the Sun, ed. P. A. Sturrock (Dordrecht: D.
Reidel Publishing Co.), p. 291.

Ramaty, R., Murphy, R. J., and Dermer, C. D., 1987, Astrophys. J.,
(submitted).

Reames, D. V., von Rosenvinge, T. T., and Lin, R. P., 1985, Astrophys.
J., 292, 716.

Rieger, E., Reppin, C., Kanbach, G., Forrest, D. J., Chupp, E. L., and Share,

G. H., 1983, 18th Internat. Cosmic Ray Conference Papers (Bangalore), 10,
338.

Skilling, J. A., 1975, Mort. Not. Roy. Astron. Soc., 172, 557.

Sonnerup. B. V. O., 1973, in High Energy Phenomena on the Sun, ed. R.

Ramaty and R. G. Stone, NASA SP 342, p. 357.

Svestka, Z., and Fritzova, L., 1974, Solar Physics, 36, 417.

Syrovatskii, S. I., 1981, Ann. Rev. Astron. Astrophys., 19, 163.

Toptygin, I. N., 1980, Space Sci. Rev., 26, 157.

72



Tsurutani, B. T., and Rodriquez, P., 1981, J. Geophys. Res., 86, 4319.

Uchida, Y., 1974, Solar Physics, 39, 431.

Van Hollebeke, M. A. I., MaSung, L. S., and McDonald, F. B., 1975, Solar
Physics, 41, 189.

Vestrand, W. T., Forrest, D. J., Chupp, E. L., Rieger, E., Share, G. H.,
1987, Astrophys. J. (submitted).

Vlahos, L. et al., 1987, in Energetic Phenomena on the Sun, ed. M. R. Kun-

du and B. Woodgate, NASA CP-2439, in press.

Wang, H. T., and Ramaty, R., 1974, Solar Physics, 36, 129.

Wentzel, D. G., 1965, J. Geophys. Res., 70, 2716.

Wild, J. P., Smerd, S. F., and Weiss, A. A., 1963, Ann. Rev. Astron.

Astrophys., 1, 291.

73



N87- 2425 1

4

THE ENERGY SOURCE OF THE INTERPLANETARY MEDIUM
AND THE HELIOSPHERE
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ABSTRACT

The activity of the interplanetary medium arises from occasional

transient outbursts of the active corona and, for the most part, from
the interaction of fast and slow streams in the solar wind. The basic

driver is the heat input to the corona, both transient and steady.

The fast streams issue from coronal holes where the heat input may
be Alfv6n waves with root mean squared (rms) fluid velocities of

nearly 102 km/sec or may be wholly or in part the waves refracted

into the hole from neighboring active regions. If the latter, then

the character of the wind from the coronal hole depends upon the
proximity and vigor of active regions, with significant differences

between the polar and low latitude solar wind. In any case, there

is no observational support for any of these ideas, so that the primary

cause of the wind from the Sun, as well as any other similar star,

is not without mystery. It is to be hoped that ground-based obser-

vations together with the new input from the Solar Optical Telescope

and the International Solar Polar Mission may in time succeed in

clearing up some of the basic questions.
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1. INTRODUCTION

The interplanetary medium, and the entire heliosphere, are a consequence of

the continual expansion of the solar corona. The activity of the interplanetary

medium arises from the occasional transient heating of the corona, and the

mixture of fast and slow regions of wind from different parts of the corona.

The basic energy source is the occasional flare and the coronal heating that

maintains the temperature of the corona. It is the purpose of this presenta-
tion to review what we know and do not know of the heating.

The expansion of the corona follows from its high temperature, and it is

generally accepted that the high temperature is caused by the dissipation of
motions initiated in the convective zone. The difficulty is that the motions,

and their ultimate dissipation in the corona, have proved elusive.

The corona is conveniently classified into three distinct regions, depending

upon the intensity of the X-ray emission. There is the active X-ray corona

(N = 101° atoms/cm 3, T = 2.5 × 106 K, B = 102 gauss), requiring an energy in-

put of about lxl07 ergs/cm 2 sec [Withbroe and Noyes, 1977]. The gas is con-

fined in the closed bipolar magnetic field, so that most of the energy goes
into radiation and thermal conduction downward into the transient region.

There is the quiet corona, emitting a faint glow of X-rays (N=108

atoms/cm 3, T = 1.5 × 10 6 K, B = 10 gauss) maintained by an energy input of

3 x 105 ergs/cm 2 sec). Finally there is the tenuous coronal hole, conspicuous

by the absence of X-ray emission (N =0.5 x 10s atoms/cm 3, T = 1.5 × 106 K,

B = 10 gauss) requiring an energy input of about 1 × 10 6 ergs/cm 2 sec [Zirker,

1977; Withbroe and Noyes, 1977; Leer, Holzer, and Fla, 1982; and Withbroe

et al., 1985]. The magnetic field of the coronal holes opens outward into space,

permitting free expansion of the coronal gas, so that most of the energy goes

into production of the solar wind.

The fast streams in the solar wind come from the coronal holes [Hundhausen,

1972; Krieger, Timothy, and Roelof, 1973; Zirker, 1977; and Rottman, Or-

rail, and Klimchuk, 1982]. Evidently most of the wind, including the slow

streams, is produced in and around coronal holes, with the quiet regions con-

tributing to the slow wind [see discussion in Withbroe and Noyes, 1977]. We

76



wouldexpectthat thecoronalgasonanyopenfield linescontributesto the
wind. Thelowestenergystatefor themagneticfield isa closedconfigura-
tion, sothe field is openonly whereit is sufficientlyweakto bepushedout
by thepressureof thecoronalgas[Parker,1963].Thedivisionbetweenthe
activeand the quiet coronamaydependasmuchuponthe closureof the
magneticfield asuponthe field strength.

A closeexaminationof themechanismsavailablefor heatingthecoronasug-
geststhat therearequalitativeaswellasquantitativedifferencesbetweenac-
tivecoronalregionsandcoronalholes.Firstof all,Rosner,Tucker,andVaiana
[1978], have emphasized that the observations of the active corona, and the

theoretical models constructed from those observations, make it clear that

(a) the heat input is distributed along the emitting X-ray loops and (b) there
is a direct relation between heat input (ergs/cm 2 sec) and magnetic field. The

relationship depends very little on the dimensions L of the region [Golub et

al., 1980]. Thus, the X-ray bright points (L - 104 km) have approximately

the same surface brightness as the X-ray corona above a normal active region

(L - 2 x 105 km). The evidence is that the regions of re-entrant, i.e., closed,

field, are heated largely through the dynamical nonequilibrium of the wrap-

ping and interweaving of the lines of force, whereas the only known mechanism

for heating the coronal regions with open fields is the dissipation of

hydromagnetic waves. Thus it seems that it must be the generation and dissipa-

tion of magnetohydrodynamic waves that largely produce the solar wind and

the heliosphere. The problem is to confirm this general concept with concrete
facts.

Observations show wave motions, but with such small amplitudes that they
represent no more than 105 ergs/cm 2 sec [Athay and White, 1978, 1979a,b;

Brunet, 1978]. Hence, if there are enough waves to heat the corona, the scale
of the waves must be so small (<104 km) that they are not resolved in the

spectroscopic studies [Cheng, Doschek, and Feldman, 1979; Feldman, 1983;

and Habbal, Leer, and Holzer, 1984; see also the results for sunspots, Beckers,

1976; Beckers and Schneeberger, 1977]. Unresolved waves are part of the
"microturbulence", contributing to the line widths which place an upper limit

of about 25 km/sec on the rms velocity <v2> _. Sound waves of this

amplitude carry negligible energy because the speed of sound is only about

2 × 10 2 km/sec. If we assume, then, that the microturbulence is entirely the
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resultof unresolvedAlfv6n wavesall propagatingupwardalong thefield,
the energyflux is boundedby the upper limit p <v2> VA, where VA is the
Alfv6n speed with a value of the order of 2 × 10 3 km/sec throughout the en-

tire corona. This upper bound is 2 × 10 7 ergs/cm 2 sec in the active corona but

only 105 ergs/cm 2 sec in the coronal hole as a consequence of the low densi-

ty. It is immediately evident that the Alfv6n wave amplitude must be much

larger, of the order of 75 km/sec, if the coronal hole is to be heated by wave
dissipation. We may speculate that the gas density in the coronal hole is so

small that its contribution to the observed line widths is negligible when in-

tegrated along the line of sight, so that the necessary 75 km/sec rms velocities

are undetected. Such velocities are relatively small, in the sense that the ratio

of the velocity amplitude to the phase velocity, and the fractional variation

AB/B of the magnetic field, are small, approximately 0.05. So perhaps the

coronal hole is heated by the dissipation of Alfv6n waves, or perhaps fast

mode waves, with periods of, say, 100 sec and rms velocities of the order of

50-100 km/sec. But this is only a conjecture.

There are difficulties of another type in the active corona. The upper limit

on the total wave flux of 2 x 10 7 ergs/cm 2 sec is sufficient to supply the ac-

tive corona, but most of it must be dissipated in the first pass up around the

bipolar field. The downward wave flux at the foot points of each re-entrant

line of force must not be more than a third of the upward wave flux if the

net upward energy flux is to be 1 x 10 7 ergs/cm 2 sec. What is more, the

dissipation must be equally effective over scales ranging from 104 km to

2 x 105 km, i.e. Alfven transit times of 5 to 100 sec. Most of the power in

the observed small-scale fluctuations in the Sun lies at periods of 100 sec or

more, with no theoretical reason to expect much power at shorter periods.

It must be remembered, too, that whatever the distribution of wave power

over period, it all contributes directly to the upper limit of 25 km/sec on the

rms velocity.

How, then, are we to imagine that the dissipation of Alfv6n waves supplies
1 × 107 ergs/cm 2 sec more or less equally to all scales? If, without any

theoretical or observational basis, we postulate waves of sufficiently short

wavelength as to heat the ephemeral active regions, dissipating over distances

of 2 x 104 km, then these same waves dissipating over 2 x 104 km would heat
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only the lowerendsof thenormalcoronalloopswith scalesof 2× 105 km.

But Rosner, Tucker, and Vaiana [1978] showed that the heating is broadly

distributed, if not entirely uniform, along the X-ray coronal loops. If, on the

other hand, we imagine that the small, medium, and large active coronal

regions are each heated by waves at different frequencies which just happen

to provide the same heat input at all scales from small to large, we violate

the observational upper limit of 25 km/sec on the rms gas velocity. For even
one such frequency band carrying 1 x 107 ergs/cm 2 sec provides the upper

limit of 25 km/sec on the rms gas velocity if it is not dissipated, leaving no

room for another band or two, one of which is dissipated to supply the
necessary 1 x 107 ergs/cm 2 sec. To see how this works note that a velocity of

25 km/sec is necessary to transport 1 x 107 ergs/cm 2 sec upward along the

field. If the waves are not dissipated (and no one knows how to dissipate waves

of such small amplitude AB/B - 0.05 in so short a distance), then they prop-
agate undiminished up around the re-entrant field and back down into the

photosphere at the other end. Hence, both ends of the field have upward and

downward propagating waves with an rms fluid velocity of 25 km/sec and
zero net energy flux. The observational limit of 25 km/sec permits no other

waves. So there is no room for undissipated waves. Somehow, then, we would

require that waves of small amplitude dissipate more or less uniformly and

completely along fields with lengths anywhere from 10 4 km to 2 x 105 km.

To achieve this requires physical effects unknown to this author.

This leaves us with the alternative that the active corona, enclosed in the re-

entrant fields of bipolar regions on the surface of the Sun, is heated prin-

cipally by the current sheets produced by the shuffling and intermixing of

the footpoints of the field [Parker, 1979, 1982, 1983a,b, 1984, 1985; Low,

1985]. The dissipation is then the intrinsic dynamical nonequilibrium and con-
tinual neutral point reconnection in the current sheets. The input of 1 x 10 7

ergs/cm 2 sec follows from shuffling of the footpoints at the not implausible

speeds of 0.5 km/sec, wrapping the individual flux tubes about their neighbors

with pitch angles of the order of 10-20 ° [Parker, 1983c].

Unfortunately, at the present time there is no observational information

available on either the oscillations of the footpoints of the fields (producing

Alfv6n waves, etc.) or the wandering of the foo_points among the neighbor-
ing footpoints (producing the dissipative current _heets). The individual
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magneticfibrils arenot resolvedin ground-basedobservations,sothat their
individualmotionsaresimplynot known.Thedeterminationof themotions
of thefibrils is just oneof themanyfundamentaltasksthat awaitstheSolar
OpticalTelescope(SOT)in thenextdecade.Without theSOTthebasicmo-
tionsof thefibrils, andthestrainratewithin thefield, cannotbedetermined,
andthepowersourceof the coronawill remaina matterof "not implausi-
ble" assumptions,i.e.,ignorance.It shouldbepointedout thatthehigh-speed
turbulenceandintensejetsobservedin thecoronaby Bruecknerand Bartoe
[1983] and Withbroe, Habbal, and Ronan [1985] may be a direct manifesta-

tion of the dynamical nonequilibrium of the current sheets in the corona.

What, then, of the coronal hole--the source of the high-speed streams in the

interplanetary medium? Whatever shuffling and intermixing of the footpoints
we may imagine, the associated strains propagate outward into interplanetary

space at the Alfven speed, so that the lines of force do not accumulate any

significant mutual wrapping and interweaving. There is no formation of cur-

rent sheets and no significant dissipation. And as already noted, there is no

indication of sufficient microturbulence in coronal holes to provide the

necessary 106 ergs/cm 2 sec, in the form of outward propagating Alfv6n

waves. Again we will have to turn to the Solar Optical Telescope to provide

complete quantitative information on the oscillatory motions of the magnetic

fibrils at the photosphere from which we might estimate the amplitude of the

waves in the corona. It will be recalled that wave amplitudes (microturbulence)

of 50-100 km/sec are required.

While waiting for the SOT we may hope that some ingenious ground-based

observation, or more modest space observation, will provide preliminary clues.

In the simplest case, Alfv6n waves propagating along a slowly varying magnetic

field and slowly varying fluid density have a velocity amplitude that varies

as p -'_. The density decrease from the photosphere, where the number den-

sity is of the order of 1017 atoms/cm 3, to the coronal hole, where the density

is perhaps 108 cm 3, is a factor of 10 9. Thus, 0.5 km/sec in the photosphere

produces 100 km/sec in the coronal hole. In actual fact the abrupt decline

of the gas density, the associated rapid expansion of the individual fibrils to
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fill all availablespace,andthedynamicalspiculephenomenontogethermake
any quantitativeextrapolationfrom the photospherea morecomplicated
operation.

Hollweg,Jackson,andGalloway[1982]havetreatedthepropagationof Alfv6n
wavesin coronalholes.More recentlyDavila [1985]hasexploredhow the
wavesmightboostthewindalongto producethehighspeedstreams[Holzer
andLeer, 1980;Leerand Holzer, 1980].Hedoesnot discusstheorigin of
the Alfven waves.

Therole of spicules in coronal heating is an intriguing question [cf. Athay

and Holzer, 1982; Withbroe, 1983; and Sterling and HoUweg, 1984], although

it would appear that their effects do not extend more than 5 × 104 km above

the transition region.

Seeking alternatives to direct supply of Alfv6n waves to the coronal hole, Fla

et al. [1984] have noted the possibility that fast mode waves are refracted in-

to the hole from a neighboring active coronal region [Habbal, Leer, and

Holzer, 1979]. The authors have provided a quantitative exposition of the

phenomenon. The magnitude of the effect needs to be established in some

way from observation. An obvious question is whether the vigor of the high-

speed streams in the solar wind reflect the proximity of active regions to the

coronal holes throughout the 11-year cycle of activity. Generally speaking,

the coronal holes at low latitudes are closer to active regions than the polar

coronal holes, so that a direct comparison of low altitude fast streams with

the polar wind [cf. Orrall, Rottman, and Klimchuk, 1983] should be instruc-

tive. The International Solar Polar Mission (ISPM) will provide fundamen-

tal information on this question. Indeed the entire picture of the connection

of high-speed streams at low latitudes to the polar coronal holes will be ex-

amined by the ISPM. At present we know only that the stream activity at

the solar equator correlates best with the magnetic fields and coronal struc-

ture at latitudes _+30 ° from the work of Wilcox and others [Wilcox, 1968;

Svalgaard, Wilcox, and Duvall, 1974; Svalgaard and Wilcox, 1975; Svalgaard,
et al., 1975; and Hundhausen, 1977].

Whatever the source of the waves, it is difficult to imagine heating coronal

holes by any means other than the dissipation of magnetohydrodynamic waves.
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Thedissipationposesnoevidentproblem.Thecoronalholesareheatedgently
overlongdistances(10H- 1012cm)out into space.Oversuchextendedscales
the Alfven propagationtimesare5× 102to 104sec,i.e., 5 to 100timesthe
100secwaveperiod.Thereissufficienttimefor a varietyof dissipationef-
fectsto develop,e.g.nonlinearsteepening[Hollweg,Jackson,andGalloway,
1982]phasemixing, Landaudampingof the fastandslowmodes[Barnes,
1966,1969,1974,1979;Barnes,Hartle, and Bredekamp,1971;Hungand
Barnes,1973a,b, c; andHabbalandLeer,1982].A planetransverseAlfv6n
wavewith smallfluid motionV (1_'1 << v A) does not damp significantly.

But if the Alfv6n speed V A varies in the transverse direction of the fluid mo-

tion¥ (V. X7 V A _ 0), the wave becomes oblique, with a longitudinal com-
ponent, which is then subject to damping. Indeed, any Alfven wave of limited
transverse scale has a longitudinal component which is subject to Landau

damping. So the primary question appears to be the existence of sufficiently

strong hydromagnetic waves, and the sources of such waves. Thus it is of

primary importance to confirm or deny the existence of waves of 50-100 km/sec
amplitude, which is a difficult, if not impossible, task because the coronal

holes are so tenuous. Studies of the active and quiet coronas around the

periphery of the coronal hole may be informative, in view of the ideas put

forth by Fla et al. [1984].

In conclusion it seems to be that the heating of the coronal hole is not without

mystery. The energy supply responsible for both the fast and slow streams

is simply not clear. This is a fundamental gap in our understanding of the

origin and the activity of interplanetary space in particular and stellar physics

in general.

This work was supported by the National Aeronautics and Space Administra-

tion under grant NGL-14-001-001.
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PARTICLE PROPAGATION CHANNELS IN THE SOLAR WIND
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ABSTRACT

The intensities of low energy solar-interplanetary electrons and ions

at 1 AU occasionally change in a "square wave" manner. The

changes may be increases or decreases and they typically have dura-
tions of from one hour to a few hours. In some cases these chan-

nels are bounded by discontinuities in the interplanetary field and

the plasma properties differ from the surrounding solar wind. In

one case solar flare particles were confined to a channel of width

3 x 106 km at Earth. At the Sun this dimension extrapolates to

about 12000 km, a size comparable to small flares.

1. INTRODUCTION

Bartley et al. in 1966 reported that highly anisotropic fluxes of 1 to 13 MeV

protons from solar flares occasionally changed their flow direction suddenly

and by as much as several tens of degrees. McCracken and Ness [1966] showed

that the change in flow direction was due to changes in the direction of the

interplanetary magnetic field (IMF). The time for passage of these bundles
of field lines over the spacecraft implied their widths were about 3 x 106 km

at 1 AU. Domingo, Page, and Wenzel [1976] described sudden decreases in

*Also Physics Department

C-2.
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solar particle intensity lasting about one hour and emphasized that such an

effect meant that little transport of particles across interplanetary field lines

was occurring.

In 1968, Jokipii and Parker used Leighton's hypothesis of random walk of

magnetic field lines associated with granules and supergranules [1964] to

develop a picture of an interplanetary medium composed of a tangle of field

lines frozen into the solar wind, but whose feet were carried about by the

random motions at the solar surface. Jokipii and Parker noted that using a

correlation length of 15 000 km--about the radius of a supergranule--the
magnetic structure would be 3 x 106 km in size at 1 AU. This is close to the

size of the filaments as determined by Bartley et al. and McCracken and Ness.
These workers did not find changes in the solar particle intensity, anisotropy

ratio or energy spectrum as the spacecraft entered the "filament". More recent-

ly the IMF has come to be regarded as containing many discontinuities, rather

than being made up of many filaments [Burlaga, 1969].

In this paper we discuss changes in the intensity of low energy solar-

interplanetary electron and ion intensities observed at distance 1 AU from

the Sun on the International Sun-Earth Explorer ISEE-3 spacecraft. These

changes are characterized by particle increases or decreases, often having a

square wave appearance, and lasting from one to a few hours.

Our measurements extend the previous ones by showing that low energy elec-

trons and ions are "channeled" and that the intensity in the narrow channels

may be higher than in the surrounding IMF. The particle intensity changes
are usually well-defined, occurring over distances _ 10,000 km. Most impor-

tantly, we show that the net particle flow may be quite different in these nar-
row channels compared to the flow just outside.

Electrons in the energy range 2 to 10 keV were measured by a swept electric

field analyzer and ions of energy in the range 45 keV to a few MeV were

measured by a pair of solid state detector telescopes, one of which was covered

by a thin foil in order to achieve separation of electrons and ions.

Although the electrons we measured are of quite low energy (2 to 40 keV),
such particles have very high speeds (9% to 35 % the speed of light), but small

t"-,'_t
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gyroradii.In a5 nT magneticfieldat 60o pitch angle the gyroradii are in the

range 15 to 70 km. The proton gyroradii are on the order of several thousand
kilometers. The axes of the detectors lie in the ecliptic plane and are swept

over it by rotation of the spacecraft. The view angles of the electron detector

are 10 ° in azimuth and + 23 ° in elevation. Because of the restricted viewing

in azimuth, variations in the azimuth of the interplanetary magnetic field can

cause apparent changes in the count rates, especially when the particle pitch

angle distributions are highly anisotropic. We therefore have eliminated from

our analysis events contaminated by large and rapid changes in the elevation

angle of the interplanetary magnetic field.

2. OBSERVATIONS

Figure 1 illustrates several features of low energy ion and electron propaga-

tion channels. During this 24-hour interval two increases in electron intensity

can be seen as well as a less well defined decrease beginning near 2000 UT

(Universal Time). The ion intensity decreases in coincidence with the two elec-

tron increases but are not quite so sharply defined (the ion behavior is not

shown in Figure 1).

The clear correlation with solar wind and interplanetary magnetic field

parameters are quite striking in this example. The magnetic field changes at

the beginning and end of the two electron intensity increases have been iden-

tified as tangential discontinuities [Tsurutani, private communication, 1985].

The magnetohydrodynamic (MHD) theory of such discontinuities requires

the pressure on the two sides to be equal. In response the solar wind plasma

density increases during the times the IMF has decreased.

We have surveyed 15 months of ISEE-3 data during 1978 and 1979 and find

about 80 intensity changes, either increases or decreases, resembling those

shown in Figure 1. These features are most frequent and clearest in the 2 to

10 keV electron measurements, although ion intensity changes often accom-
pany the electron intensity changes. Only a few of the examples are so clearly

defined as the ones in Figure 1 and fewer still are accompanied by tangential

discontinuities. Our basic assumption on the nature of these characteristic

particle intensity changes is that the particles are confined to a bundle of

89



X

.g
b..

W
>

...1
w
n-

105

103

I02

,,,i,,,i,,,i,,,i, ,,i,i,
2JUNEI979 ELECTRONS

2 keV -

5 keY

6 keY

,,,I,,,I,,,I,,,1,,,I,,,
O0 08 16 24

I-- 20
=

lm-
-- 0

.m. 500
E
- 400

30o

,o
C,3

O0 08 16 24

UNIVERSAL TIME, Hrs

Figure 1. Changes in the intensity of low energy electrons and ions having

a "'square wave" appearance during long-lived streams ofsolarparticles were

a fairly common occurrence over 15 months of observations in 1978 and 1979.
In the two-day period shown at least three such events occur. In some cases

the intensity changes are associated with solar wind or interplanetary magnetic
field changes. For some there is no clear signature.
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magnetic field lines and that these field lines are swept past the spacecraft

by the solar wind flow. We refer to these features in the IMF as particle prop-

agation channels. Under this assumption we have converted the temporal dura-

tion of the propagation channels to a distance D given by

D = _ V a_ [sin¢_,[ At
sw

i

where V a) is the solar wind speed averaged over time interval At, taken to
sw

be 10 seconds, and O is the angle between the solar wind flow direction and

the direction of the IMF during interval i.

We found the widths of the 80 propagation channels measured in this way

to range from 1.4 to 5.0 × 106 km with an average value of 3.7 x 10 6 km.

McDonald and Burlaga [1985] have discussed another form of channeled solar

particle propagation. They found regions of compressed interplanetary

magnetic field evidently connecting back to the solar corona since solar par-
ticles were often found in them. Such channels are much larger in size than

those we are discussing here. Their importance lies in the fact that adiabatic

energy losses are reduced and thus the particles can reach interstellar space

without large energy losses.

We next discuss an example which allows some conclusions about the origin

and nature of one particular particle propagation channel. On May 20 and

21, 1979, several small solar flares occurred in McMath plage region 16014,

located at about N16 W66. One of the flares in this region accelerated elec-
trons from < 2 keV to above 40 keV and ions <_40 keV to above 270 keV

energy (see Figure 2). The electron intensity versus time profile is characteristic

of an impulsive injection of particles at the Sun into a medium whose mean

free path for pitch angle scattering is on the order of 1 AU. The slow decay

phase seen in Figure 2 is consistent with a brief injection phase followed by

scattering in the interplanetary medium [Lin, 1974]. This view is supported

by the measured pitch angle distributions. Initially, for some tens of minutes,

the electrons are highly anisotropic, then become nearly isotropic.
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Figure 2. An importance 1N flare began at 1107 UT on May 20, 1979 and

injected electrons from 2 to 100 ke V and 1ow energy ions in to in terplanetary

space. The spacecraft entered a particle propagation channel at 2030 UT. This
channel was 2.5 × 10 6 km in width at 1 A U.

The most remarkable feature during these two days is the sudden increase

in the electron and ion intensities at about 2000 UT on May 20, followed about

six hours later by a sudden return to the earlier slow decay. The increase is

simultaneous at all particle energies. This is also the case for the decrease.

During this six-hour period the pitch angle distributions became highly

anisotropic showing strong flow of electrons away from the Sun (Figure 3).

92



II ILSIILIILLLJIll LIL LLlill ill JJ IL I ' lli'J ii _LL _l i

IoeL- ,_ A B -_
5F I _ 2 keY ELECTRONS

_.1
,, ,o4_...... ,....... ,....... T.... ,,,, ....... ,...... i

oo o8 ,6 I oo I 08 t6 oo
i,i>
_ !--i' ..... i_i ..... izi ...... i_/I Tv I t

,,J ._

I A

O.1 - _

Ig

22 uu v: 04

Figure 3. About nine hours after the solar flare that began at 1107 UT, highly

anisotropic fluxes of electrons appeared for several hours (,4 to B). Before

and after this time the electron fluxes were nearly isotropic. The vertical lines

through the pitch angle distributions at the bottom of the figure lie along the

interplanetary magnetic field. The direction of the Sun lies somewhere in the

upper half of these diagrams. The pitch angle distributions are indexed to
the middle panel by means of Roman numerals.
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Evidentlythe interplanetaryfield lineshaveconnectedto asourceregionin
thesolaratmosphereableto continuallyinjectelectronsandionsinto thein-
terplanetarymediumfor at leastsix hours.We supposethat this injection
alsooccurredbeforeandafterthissix-hourinterval.Fromtheobservedslow
decayof particleintensityduring this time, thesourcecouldhavesupplied
particlesfor intervalsas long as20hoursor more.

Fromthesolarwindspeedanddirectionof theinterplanetarymagneticfield
wefind thewidth of the particlepropagationchannelto be2.5 x 10 6 km.

Linear extrapolation of this width to the solar surface gives a size of 12 000

km. The magnitude and topology of the magnetic field near the Sun no doubt

will affect the actual size, but we appear to be dealing with a dimension which

is larger than the size of a small flare but smaller than the plage region. Both

at the Sun and in interplanetary space this structure is relatively small. One
consequence of this is that if such structures are associated with most active

regions they would be a common feature at 1 AU, but would not often be
observed because of their small size.

While the spacecraft is located in the particle propagation channel three im-

pulsive, flare-like injections of particles occur (Figure 3). They are identified

by their impulsive appearance and their velocity dispersion, consistent with

about a 1.3 AU travel distance. One of these electron events can be firmly

identified with an optical flare in region 16014. No optical association could

be found for the other two particle injections. This is not surprising since we

have found from a study of many impulsive low energy electron events that

those having very low intensity often have no reported Ha association [Pot-

ter, Lin, and Anderson, 1980]. However, it is unusual that three low energy
solar electrons events occur in a six-hour interval. This leads us to believe

that during the interval the spacecraft is situated on field lines connected to

the site of flaring on the Sun. If this is the case the field lines guiding the
electrons and ions away from the Sun from 2030 UT on May 20 to 0230 on

May 21 have their origin in or near McMath plage region 16014, located at

N16 W66 at this time. Since Earth is at a heliographic latitude of 2 ° S at this
time the field lines would have been deflected 18 ° southward. This result is

consistent with the suggestions of Schulz [1973] and by Svalgaard et al. [1975]

and Svalgaard and Wilcox [1976], that the current sheet is related to the equator
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of a solarmagneticdipole.In suchaviewfield linesdrawnoutby thesolar
wind neartheequatorcouldtracebackto latitudeswellremovedfrom the
equatorin themannershownin Figure7of Smith,Tsurutani,andRosenberg
[1978].

The fact that energetic particles stream away from the Sun for periods of time

on the order of days has been known for some time. [See, for example, Simnett,

1971 and Anderson, Lin, and Potter, 1982.] There are two general views on

the mechanisms behind long-lived emission of solar particles. The first of these

is storage of flare accelerated particles in the corona and their subsequent

escape. The other hypothesis is continuous acceleration. Present observational
evidence is not sufficient to resolve this issue, and there are conceptual dif-

ficulties with each hypothesis. Radio wave observations give the best evidence

in favor of coronal storage, although the configurations of the magnetic fields

have not been made clear in this way. The difficulty with coronal storage is

the rapid rate of energy loss of the fast particles to background electrons in

the coronal plasma. Only at very high coronal altitudes is the rate of energy

loss low enough to permit storage over periods of days [Krimigis and Ver-

zariu, 1971 ]. The problem with the continuous acceleration hypothesis is that

no physical mechanism for it has been identified, and the best understood
mechanisms involve shock waves and are therefore impulsive in character.

Impulsive acceleration is noisy in the sense of copious X-ray and radio wave
emission whereas these emissions are largely absent during periods of long-

lived streaming. The present observations provide some additional informa-

tion on the problem of long-lived emission of solar particles. In the first place

only flares of small size are involved here whereas in the past the process has

been generally associated with large flares. In the case at hand the largest flare

was importance 1N and it accelerated only low intensities of ions in addition

to the rather large fluxes of electrons. However, this flare occurred in an ac-

tive region above which type III bursts frequently appeared, indicating that

beams of fast electrons were present in the corona over a period of one or

two days.

Secondly, the streaming of solar particles on May 20 to 21, 1979 is restricted

to a spatial region whose dimension at the Sun is on the order of 104 km.

The near perfect confinement of the streaming particles must be associated
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with discontinuities or major changes in the topology of magnetic fields in

the solar atmosphere. However, no magnetic feature could be identified with

the particle channel on this occasion. In particular, nothing suggesting a neutral
sheet appeared.

The third point we would make using data from the May 20 to 21, 1979 inter-
val concerns the energy spectrum of the electrons. We noted above that the

intensity of the 2 to 10 KeV electrons changed very little over a six-hour period.

If the small change in intensity is interpreted as due to energy loss of these
electrons to background electrons we can set a lower limit to the altitude at

which the electrons must reside if indeed they are trapped in magnetic struc-

tures. A 10 to 20% energy loss in six hours at the lowest energies requires
that the average electron density not exceed 105 cm -3. This corresponds to

a heliocentric distance of 4 solar radii for the quiet Sun and 19 solar radii

if the coronal region is a streamer with enhanced density [Fainberg and Stone,
1971].

We have also compared the energy spectrum of the electrons in the impulsive

injection from the 1N flare that began at 1107 UT on May 20 with the spec-

trum of electrons streaming in the propagation channel. The results are given
in Table I. We have fitted the spectral data to a power law for 30 one-hour

data samples and obtained the power law exponent for each sample. Ten
samples are taken during times preceding entry into the particle channel, 10

samples in the channel, and 10 samples following exit from the channel. The

average value for each set of ten samples and the standard deviations are given

in Table I. We find that there is no difference in the low energy electron spec-

tra between particles in the propagation channel and those on field lines out-
side the channel. There can be little doubt that the electrons outside the channel

were accelerated by the 1N flare. We take the similarity of the energy spectra

to be significant but not conclusive evidence for storage and subsequent escape

over a period of many hours of electrons accelerated over a brief period of

time by the importance 1N flare which began at 1107 UT on May 20, 1979.

We conclude that some of the structure found in the interplanetary magnetic
field is established by spatial features on the order of 104 km near the solar

surface, and that these features persist for at least several days.
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TableI.

Time
20-21May 1979 Numberof Intervals SpectralIndex,

14:00-19:00 10 3.77 _+ 0.08

21:00-02:00 10 3.39 _+ 0.29

03:00-08:00 20 3.49 + 0.07

Comparison of the energy spectra of 2 to 10 ke V electrons inside the particle

propagation (2100 to 0200 UT) with spectra calculated before and after entry
into the channel. The electrons outside the channel are certain to have been

accelerated by an importance 1N flare, although at this time they are no longer

streaming from the Sun. The close similarity of spectral indices suggests that

the particles streaming away from the Sun in the propagation channel were

accelerated by the same flare but then were trapped and released over a period

of many hours.
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STUDIES OF THE INTERPLANETARY MAGNETIC FIELD:

IMP'S TO VOYAGER

Norman F. Ness

Laboratory for Extraterrestrial Physics

Goddard Space Flight Center

Greenbelt, Maryland 20771

1. INTRODUCTION

It is my very great pleasure to participate in this special symposium honoring

Dr. Frank McDonald and his significant contributions to space sciences. It

was my good fortune in 1961 to become associated with Jim Heppner (Proj-

ect Scientist and principal investigator) on the Explorer 10 project while at

the NASA-Goddard Space Flight Center on an NAS-NRC postdoctoral Resi-

dent Research Associateship on a leave of absence from UCLA. At its ter-

mination in October 1961, I readily accepted an offer of permanent employ-

ment with NASA-GSFC, encouraged by both Frank McDonald and Les
Meredith.

Following the 1961 successes of both the Explorer 10 and Frank's Explorer

12 spacecraft, Frank McDonald and colleagues proposed the first three

spacecraft in a series to be called Interplanetary Monitoring Platforms or

Probes. These were to be small, spin-stabilized, long-lived spacecraft placed

in highly elliptical earth orbits to study the radiation environment in extrater-

restrial space. It was proposed that I be the principal investigator for the

Magnetic Field Studies on these IMP's and I was joined by Clell Scearce and

Joseph Seek from the Explorer 10 team to round out the magnetic field in-
strument team.

The outstanding scientific successes of the 10 spacecraft which formed the
IMP series is well known to almost all of you. It is not my intent to overview
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all of thoseresultsherebut onlyto highlightsomeof themaincontributions
relatedto the studyof the InterplanetaryMagneticField.

2. EARLY IMP PERIOD: 1963-1967

Earlierstudiesof theInterplanetaryMagneticFieldbyUnitedStates'spacecraft
wereof limited valuedueto spacecraftmagneticfield contamination,in-
completevectormeasurements,limiteddatacoverage,andlimitedspacecraft
lifetime. With the full supportof FrankMcDonald, the technicalstaff at
NASA-GSFCrespondedaffirmativelyto our requestto doublethelengthof
themagnetometerboomson theIMP spacecraftfromthatoriginallyplanned.
In addition,theotherexperimentsandsubsystemengineerscooperatedfully
inproducingminimallymagneticelectronicanddetectormodulessothat the
IMP spacecraftwerethe mostmagneticallycleanspacecraftyet launched.

A brief summaryof theIMP spacecraftprogramispresentedin Figure1with
launchdateandExplorerdesignatorindicated.Theverysignificantincrease
in weight,for bothspacecraftandexperiments,for the lastthreein theseries
wasdueto theincorporationof solidstrap-onrocketsto createthethrust-
augmentedDelta (TAD) launchvehicle.

As theearlyIMP spacecraft were being constructed, tested, and integrated,

Frank encouraged me to follow up on an idea of mine to place an IMP type

spacecraft in close lunar orbit in order to study its magnetic field and radia-

tion environment. Working with study manager Paul Marcotte and other staff

at GSFC, we developed a proposal in late 1963 which subsequently led to the

approval of the Anchored IMP series of two spacecraft for lunar studies. The

chronology of that project is shown in Figure 2, illustrating the speed and

vitality of the space program at that epoch: "The Swinging '60's".

One unique feature of the many spacecraft projects then being built at NASA-

GSFC was the high esprit de corps which project staff and associated person-
nel maintained. This is illustrated in the cartoon shown in Figure 3, contrasting

between the "cleanliness" of the Anchored IMP spacecraft procedures (due
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Figure 1. Summary of the Interplanetary Monitoring Platform spacecraft:

launch date, Explorer numerical designation, spacecraft and experiment weight,
and number of experiments.

to the Planetary Quarantine Requirements) and those of the regular IMP series.

No one who participated in this period of space science shall ever forget the

tremendous enthusiasm, dedication, and accomplishments which small, hard-

working teams of scientists and engineers achieved in what appear now to

be incredibly short periods of time.

The reputation and principal contributions of the Goddard Space Flight Center

to the national space program have been in the area of customized spacecraft

for scientific studies, and the IMP series under the tutelage of Frank McDonald

best typifies that spirit.
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EXPLORERS 33 & 35

AKA: LUNAR ANCHORED IMP/IMPs D & E

EVENT DATE APPROVAL

FINAL FEASIBILITY STUDY NOVEMBER 27, 1963 H. GOETT

REVISED AO DECEMBER 26, 1963 H. NEWELL

PROJECT APPROVED JANUARY 20, 1964 H. NEWELL

PROPOSALS SUBMITTED MARCH i, 1964

EXPERIMENTS SELECTED AUGUST , 1964 H. NEWELL

EXPLORER 3311MP D LAUNCHED JULY i, 1966 TAD #39

EXPLORER 35/IMP E LAUNCHED JULY 19, 1967 TAD #50

Figure 2. Chronology of the Anchored IMP mission, from proposal to launch.

Approval by cognizant officials indicated. Dr. Harry Goett, then Director

of the Goddard Space Flight Center and Dr. Homer Newell, Associate Ad-

ministrator for Space Sciences of NASA.

3. SECTOR STRUCTURE OF INTERPLANETARY MAGNETIC

FIELD

The data obtained by the IMP's 1, 2, 3, and 4 provided the first definitive

measurements of the Interplanetary Magnetic Field structure and its varia-

tions. Figure 4 presents the distribution function of the magnitude of the In-

terplanetary Magnetic Field, as measured initially by the IMP-I spacecraft
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REGULAR IMP and AIMP 

Figure 3. Cartoon typifying the friendly but competitive spirit between the 
regular IMP and anchored IMP projects. Due to planetary quarantine restric- 
tions, the AIMP spacecraft were constructed and integrated under substan- 
tially more restrictive conditions than the regular IMP series. 
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Figure 4. Histogram of the instantaneous magnitude of the interplanetary

magnetic field as measured by the IMP-1 and 1MP-4 spacecraft during the
time those spacecraft were in the interplanetary medium outside the Earth "s

bow shock. Note that there is no substantial difference in the distribution,

although the average field intensity is slightly larger for the later time interval.

in 1963-1964 and the IMP-4 spacecraft in 1967. In addition to confirming

the average Archimedian spiral structure of the Interplanetary Magnetic Field,

these early results showed an ordering of the polarity of the magnetic field

which my colleague John Wilcox and I termed the interplanetary sector struc-

ture. (See Figure 5.) We were able to correlate these observations with the

solar magnetic field and thereby establish conclusively its solar origin.

Nearly continuous observations of the Interplanetary Magnetic Field and sector

structure was possible during the 1960's and 1970's as a result, primarily, of

the data from the IMP series of spacecraft. More recent results in 1970 are

shown in Figure 6, with an overlay on the planetary magnetic activity index
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Figure 5. A well-known figure illustrating the sector structure of the in- 
terplanetary medium discovered by the IMP-I spacecraft and measured over 
three solar rotations. [Ness and Wilcox, 19651 

(Kp) plots. Note here that only two sectors are shown in contrast to the 
earlier observations of four sectors. Also note that the location of the sector 
boundaries in heliographic longitude is time variable throughout this interval. 

In addition to observations of the interplanetary sector structure at 1 AU, 
spacecraft enroute to encounters with the planets showed that the sector struc- 
ture extended throughout interplanetary space. Observations by the Mariner 
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Figure 6. Overlay of the interplanetary sector structure during 1970 on the 
planetary magnetic activity index Kp. Note that only two sectors are shown 
and that the structure is not stationary during this time interval. 
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10spacecraft(studiedby KenBehannonin hisPh.D. thesis)areshownin
Figure7. Again, a two-sectorstructureis observedthroughoutthe several
solarrotationscoveredby this data.

Theunderstandingof thechangefrom twoto four sectorsandtheevolution
of thesectorstructureboundarieswith timeinitially eludeda clearexplana-
tion. That is until theconceptof the heliosphericcurrentsheet,analogous
to thatinEarth'smagnetictail separatingregionsof oppositemagneticpolarity,
wasdevelopedtheoreticallyandempiricallybyanumberof authors[Schulz,
1973;Rosenberget al., 1973].

Theinclinationof the solardipolar magneticfield axisto the rotation axis
of the Sunwill, togetherwith a radial solarwind flow, transportthe solar
field into interplanetaryspaceandleadto atwosectorstructureasillustrated
inFigure8.Morecomplicated,i.e., acurvedsurfaceratherthanaplane,con-
figurationsof the interplanetaryneutralsheetarisesincethe solarmagnetic
field isnot often well representedby a puredipole.Thisis shownin Figure
9 wherea changeof sectorstructurefrom two to four sectorsobservedin
the eclipticat oneAU occursduring threesuccessivesolarrotations.

Theorigin andlocationof the interplanetaryneutralsheeton the Sunhas
beencloselystudiedfor sometimewithobservationsobtainedbytheK corona-
meterbrightnessdata. Figure 10presentsa plot of thecontoursof this
parameteronthesolardisk,withasuperpositionof thepolarityof themagnetic
field observedby theVoyager1and2 spacecraft.It isseenthat thecorrela-
tionwith theminimumbrightnessisexcellent.Thus,thecontinuingobserva-
tion of the interplanetarymediumby theIMP andVoyagerspacecrafthas
provideda substantialdataset,not only for thestudyof the interplanetary
medium,but for elaborateinvestigationsof the responseof the terrestrial
magnetosphereto variationsin the interplanetarymediumstructure.

4. COSMICRAY MODULATION

Oneof thefundamentalproblemsof cosmicraystudieshasbeento identify
themechanismresponsiblefor bothshort-andlong-termmodulationof the
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Figure 7. Interplanetary Magnetic Field sector observations obtained by the

Mariner-lO spacecraft as it passed from 1 A U to encounter with Mercury in

March 1974. The direction and intensity of the interplanetary field over one

day intervals are shown by their vector projection. [Behannon, 1976]
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Figure 8. Sketch of the orientation of the heliospheric neutral sheet and the 
extended solar dipolar magnetic field, leading to a two-sector structure in the 
interplanetary medium. The polarity in the ecliptic depends upon whether the 
observations are made above or below the equatorial plane. 
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Figure 9. Sketch of the configuration of the heliospheric neutral sheet for Car- 
rington solar rotations 1637 and 1639. During this time interval the sector 
structure changed from 2 to 4 sectors, as observed at 1 AU in the ecliptic. 
[Burlaga, Hundhausen, and Zhao, 19811 
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observed cosmic ray flux. The IMP series of spacecraft and other experiments

of Frank McDonald on other spacecraft such as HELIOS, Pioneer and

Voyager have contributed significantly to a resolution of some of the major

issues related to this problem.

Different concepts of the magnetic structure of interplanetary space and the

magnetic field configuration responsible for cosmic ray modulation are il-
lustrated in Figure 11. Most of these were proposed prior to the recognition

that interplanetary space is filled continually with the solar wind flux trans-

porting solar magnetic fields into interplanetary space. With the knowledge
of a continual solar wind flux, the question arose as to how variable-velocity

solar plasma streams (or jets) would evolve in interplanetary space.

Figure 12 illustrates qualitatively the result of a high-speed plasma stream over-

taking one of lower velocity. These "co-rotating" stream-stream interactions
are a characteristic feature of the large-scale structure of the interplanetary

medium, and a study of their radial evolution has been made possible with

observations on solar and planetary probes.

Simultaneous observations of the interplanetary medium by the IMP-7

spacecraft at 1 AU and the Pioneer 10 spacecraft at 5 AU, just prior to en-

counter with Jupiter in 1973, demonstrate the changes which occur as a high-

speed stream moves to 5 AU (see Figure 13). The concept of "filtering" of
isolated streams and short wavelength speed fluctuations with streams is an

important one. It has only recently been proposed as a result of data obtained

and analyzed from the constellation of Pioneer, IMP, HELIOS, and Voyager

spacecraft distributed throughout the heliosphere.

On a very large scale, Figure 14 shows how two co-rotating solar wind streams

on opposite sides of the Sun with lifetimes of many solar rotations would

modify the structure of the heliosphere. It is the compression region with

enhanced magnetic fields which are found to be responsible for modulation

of the cosmic ray flux observed both terrestrially and on deep space probes.

Correlation of the solar wind speed, Interplanetary Magnetic Field, and cosmic

ray proton flux observed in the inner solar system is shown in Figure 15. Here
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Figure 11. A summary of different concepts of the magnetic structure of in-

terplanetary space considered responsible for cosmic ray modulation. [Burlaga,

19831
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Figure 12. Diagram of the evolution, in interplanetary space, of the evolu-

tion of a co-rotating stream and interaction region. [Pizzo, 1978]
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Figure 13. Comparison of solar wind speed profiles observed by IMP-7 at 
I A U and Pioneer-I 0 at 4.65 A U, illustrating the filtering or damping of large 
amplitude, short wavelength speed fluctuations at larger radial distances. [Gos- 
ling et al., 19761 

MAGNETIC FIELD SHOCKS AND INTERACTION REGIONS 

DAYS 235 - 255,1978 

Figure 14. Diagram illustrating the evolution of the magnetic field geometry 
and compression regions as well as shocks and interaction regions associated 
with two co-rotating, high-speed solar wind streams on opposite sides of the 
Sun. [Burlaga, 19841 
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the important features are the modulation of the cosmic ray flux by the co-

rotating, as well as transient, features in the interplanetary medium. Similar

correlations have been observed at much greater heliocentric distances, and

these are illustrated in Figure 16. Again, it is the compression region of
significantly enhanced magnetic fields that are seen to be associated with the

sudden decrease in the cosmic ray flux. It is known that the level of turbulence

in the Interplanetary Magnetic Field is higher in the compression regions than

in the rarefaction regions.

Frank McDonald, working in close collaboration with Len Burlaga, has con-

ducted a systematic study of the time variations of cosmic ray flux, and solar

wind structure, both in the inner and outer regions of the solar system. These
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Figure 16. Comparison of cosmic ray observations by Voyager 1 with the

magnetic field and solar wind velocity at a distance of approximately 10 A U.

Compression regions at A and B are correlated with sudden decreases in the

integral flux. [Burlaga et al., 1984]
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studieshaveledto thecurrentview that the transient high speed flows and

disturbances originating at the surface of the Sun coalesce at large distances

from the Sun to form essentially concentric shells of disturbed regions. These

are the regions responsible for the modulation of the cosmic ray flux. This

feature of the structure of the interplanetary medium on the large scale is il-

lustrated in Figure 17.

i .......... 0 0 A.U.

o b

OAU

c d

1::;:::3SYSTEM OF TRANSIENT FLOWS

Figure 17. Very large-scale view of heliospheric structure in which systems

of transient flows coalesce at large distances to form concentric shells of

disturbed regions responsible for modulating the cosmic ray flux. [Burlaga
et al., 1984]
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5. SUMMARY

During thelasttwo decades,spacecraftprojectsandindividualexperiments
for whichFrankMcDonaldhasbeenaleaderhavecontributedverysignificant-
ly to ourcurrentunderstandingof thestructureof interplanetaryspaceand
the correlationbetweensolarand interplanetarydisturbances.He had the
foresightandability to anticipatethe uniquevalueof small,simple,spin-
stabilizedspacecraftearlyin the NASA program.

For insituobservationsof theinterplanetarymedium,thishasprovedcritical.
StudiesontheIMP, HELIOS,andPioneerspin-stabilizedspacecraftandthe
largerattitude-stabilizedVoyagerspacecrafthaveprovideduniquedatasets
from whichthe modernviewof the heliospherehasevolved.That concept
is illustratedin Figure 18, in whichthe inner solarsystemis shownto be
dominatedby individual streamsassociatedwith specificsourceregionson
theSun.As thesehigh-speedstreamsovertakethepreexistingsolarplasma,
they coalesceand modify the characteristicsso that at largerheliocentric
distances,thesedisturbancesappearasradiallypropagatingconcentricshells
of compressedmagneticfieldsandenhancedfluctuations.

FrankMcDonaldhasworkedwithanumberof collaboratorsinhisscientific
investigations,bothdirectlyandindirectly.Hehasstimulatedqualityscien-
tific investigationsthathavesetastandardto whichfutureinvestigationsshould
aspire.Thesecontributionswill certainlystandthetestof time asaremem-
branceof theefforts of FBM.
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Figure 18. Diagram emphasizing the transition from an individual stream

dominated zone within a few A U close to the Sun to a region of concentric

shells where pressure waves dominate the structure, and, finally, the postulate

that a wave interaction region exists beyond. [Burlaga, Schwenn, and Rosen-

bauer, 1983]
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It is hard to believe--considering Frank's lofty position now and his long

association with NASA--that in his early years he was extensively involved

in the humble balloon flight program sponsored by the Office of Naval
Research (ONR). This program led to many important early discoveries in

cosmic rays during Frank's time at both Minnesota and Iowa. I can remember

being in Iowa in the middle 1950's as a graduate student when Frank came

down from Minnesota as a post doc. He was involved in building a "new"
type of Cherenkov-scintilliation counter telescope to measure the spectra of

protons and alpha particles. It sounded like interesting work so I began to
work with him. In the first balloon expedition I remember, I recall loading

all the equipment--experiment, gondola, and everything into Frank's old Stude

to drive down to Texas. The Stude was one of the early models which looked

about the same from the front and the back and really looked weird with

all the equipment in it. I can remember stopping in some small Ozark town

for gas--the woman looked at the car--then asked Frank what he did for

a living. After a long pause he said, "I study cosmic rays." After an equally

long pause she said, "I knew you were strange." Indeed, so this was really

what cosmic rays were all about?

The period from 1955 to 1965 was one of balloon flights by the dozens to

study cosmic rays from all kinds of places--from such exotic U.S. places as

International Falls and Devils Lake, to foreign places like Guam. Those were

the days when people launched their own payloads by hand, and there were
many strange and bizarre tales to tell. One involving Frank that occurred in

1957 on Guam is worth telling. Frank's payload was being launched to measure
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the proton and alpha particle intensity at >17 GV (still the best measurement
available, by the way). Kinsey Anderson and I were holding the gondola aloft

getting ready to run with it and Frank was behind us holding up the antenna.
Cables, lines, etc. were everywhere. During the launch we had to run quite

a ways to the side before we let the package go, and were too busy watching

the balloon to notice Frank. After letting the package go we heard shouting,

and all of a sudden Frank came sliding between us--feet up in the air, head

sliding along the ground. He was tangled up in the load line and was about

to be launched! Just as he left the ground his foot slipped loose and he fell

back down--not much the worse for wear but completely ashen-faced. This

incident has spawned two rumors--one not true--the other known only to
Frank.

. Frank lost his hair as a result of being dragged along the ground.

(Not true--it wasn't there at the time of his arrival on Guam as verified

by the arrival ceremony picture from the Guam Daily News, Figure 1.)

2. This incident caused Frank to leave ballooning and to look askance at

it ever since. (As you know, Frank left Iowa to come to the newly formed

GSFC soon after that.) Only Frank can answer this for sure, but I very
much doubt it.

Nevertheless, this period in the late 1950's saw two important developments

that owe much to Dr. McDonald. One was the development and refinement

of the Cherenkov x scintillation telescope for the measurement of cosmic

rays--a technique still widely used in various forms in both balloon-borne

and spacecraft instrumentation. The other was the outgrowth of this telescope's

ability to measure the spectrum of protons and alpha particles over a wide

energy range and the extensive measurements that were made during periods

of varying solar activity. In an important but largely forgotten paper,

McDonald and Webber [1959], showed clearly for the first time that the energy

dependences of the resulting cosmic ray intensity changes closely reproduced

those to be expected if the cosmic ray changes were produced by a varying

electric potential between the Sun and infinity. For a while several ideas in-

volving solar electric potential models were considered as an explanation but
a major step was made in the middle 60's when Gleeson and Axford [1968],
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showed that Parker’s diffusion convection model for solar modulation could 
be reformulated in what is known as the force field approximation in which 
the cosmic ray changes not only look like those produced by an electric poten- 
tial, which the observations required, but that the particles actually incurred 
an equivalent amount of energy loss called adiabatic deceleration in their mo- 
tion in the heliosphere through the outward flowing solar magnetic plasma. 
This truly marked the beginning of our modem understanding of solar modula- 
tion and the heliosphere. 

-- 

Figure I .  A few cosmic ray physicists arriving in Guam in 1957. 

Frank’s arrival at NASA coincided with the birth of the U.S. space program 
and studies of cosmic rays in earth orbit and beyond. Such spacecraft as the 
Orbiting Geophysical Observatory (OGO) and the Polar Orbiting Geophysical 
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Observatory(POGO) were legendary and one of Frank's important contribu-

tions was the development of the IMP series of spacecraft. These spacecraft

contained McDonald's own brand of dE/dx x E telescope refined through

the years so that it is now the backbone of small, compact spacecraft telescopes

being used to measure cosmic rays. The IMP spacecraft are still operating

today providing valuable data on cosmic rays and other interplanetary

phenomena, and have truly lived up to their name "Interplanetary Monitor-

ing Platform". The late 1960's and early 1970's was an interesting period in

the development of our understanding of the heliosphere and cosmic rays.

Mariner spacecraft measurements enroute to Mars had suggested a rather large

interplanetary radial gradient (- 50%/AU) of cosmic rays which coupled
with other theoretical ideas suggested a scale size of the cosmic ray modula-

tion region around the Sun (heliosphere) - 2-5 AU in radius. It was within

• this framework that the plans for the interplanetary probes called Pioneer

and the later Voyager probes were spawned. Frank played an important role

in the planning of these spacecraft and particularly the role that cosmic ray

measurements would be given in the instrumentation of these spacecraft. An

important year was 1973, just after the launch of Pioneer 10, as the cosmic

ray community eagerly awaited the first results on the interplanetary gradient

from three separate cosmic ray instruments onboard the Pioneer 10 spacecraft.

First Van Allen reported measurements consistent with a zero gradient. What

indeed was going on? First a 50%/AU gradient observed on Mariner and then

one consistent with zero. Then a few months later, McDonald et al., 1974

(as well as Simpson at Chicago) reported well-defined gradients of only a few

%/AU out to - 3 AU--e.g., Figure 2--and one immediately had a new
perspective on a much larger heliosphere stretching to 10-20 AU at least! I

can recall in the planning for the Voyager instrumentation that was going on

in 1973 we still believed that this spacecraft would penetrate interstellar space

at - 10-15 AU and tried to think of ways to determine that the spacecraft
was indeed outside the heliosphere.

Of course now the two Pioneer and two Voyager spacecraft, launched in 1977

and all still operating, give us a truly interplanetary network of monitors, along

with IMP, stretching from 1 to 35 AU, and in the case of Voyager 1 to nearly

30 o out of the ecliptic plane (Figure 3). The scale of our modern heliosphere

has now stretched to a radius of 50-100 AU (Figure 4). The general diffusion-

convection models for cosmic ray modulation developed in the 60's are still
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used--butnowoff-ecliptic effects, including drifts and dynamic effects not

considered in the earlier spherically symmetric models, are considered

important.

Any discussion of cosmic rays in the heliosphere must recognize several dif-

ferent particle populations, the study of which individually gives us somewhat

different perspectives on cosmic ray motion in the heliosphere. These different

populations include: (1) the Anomalous component, (2) low energy cosmic
rays associated with co-rotating interaction regions (CIR's), (3) solar flare

produced cosmic rays, and (4) galactic cosmic rays. We shall briefly describe

these different types of cosmic ray particles and their role in the heliosphere.

We begin with the Anomalous component, an area in which Frank has made

some of his most important contributions. This story begins in 1973, after

the launch of Pioneer 10, just as the measurements from the spacecraft were
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beginningto define the radial gradient of cosmic rays as described above. Simp-

son and coworkers, Garcia-Munoz, Mason, and Simpson, 1973, had just

reported an unusual flat helium spectrum seen first in 1972 (as opposed to

one - E L° expected from galactic cosmic ray modulation and seen earlier
below - 100 MeV). At the time of the Cosmic Ray Conference in Denver

in August of 1973, McDonald brought graphs and tables showing an unusually

large flux of nitrogen and oxygen but not carbon at energies <_ 10 MeV/nuc.

At the same time Hovestadt et al., 1973, reported an unusually large flux of

oxygen at very low energies that did not appear to be related to solar flare

activity. I personally believe it was Frank McDonald who convinced everyone
at the conference that what they were seeing was indeed real and very strange

and all of the different effects were related! [e.g., McDonald et al., 1974].

It soon became clear that all of the unusual fluxes of anomalous charges at

low energies were elements with high first ionization potential. Typical spec-
tra observed for the anomalous components in 1977 using Voyager spacecraft

data near Earth are shown in Figures 5 and 6. The absence of anomalous

C is clearly seen as is the presence of anomalous He which along with galac-

tic He produces the flat He spectrum at low energies first reported by Simp-

son and coworkers. Various theories have been suggested with regard to the

origin of these particles--including ones in which they are interstellar material

accelerated in the heliosphere, in which case they should be singly ionized,

to ones in which they come from a nearby galactic source. The most endur-

ing of these theories, that they are singly ionized interstellar neutrals, was pro-

posed by Fisk, Koslovsky, and Ramaty in 1974. There is now strong cir-

cumstantial evidence that these particles are indeed singly ionized and that

they are accelerated somewhere in the heliosphere, but this view is not

unanimously accepted--one of the nonbelievers being (I think) Dr. McDonald

himself. Nevertheless, these particles have now been studied for more than

an 11-year solar cycle. An example of the intensity variations seen at Pioneer

10 is shown in Figure 7. The data clearly show radial gradients and temporal

variations that are remarkably different (and, in general, much larger) than

galactic cosmic rays of the same energy coming to us from outside the solar

system. Very significant changes in the spectrum of this component are also

observed at the time of the solar magnetic field reversal in 1980. Data from

the Voyager spacecraft show that the peak in the spectrum of anomalous O
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nuclei increases by a factor - 2 in energy after the field reversal in 1980 as

illustrated in Figure 8. At the same time the radial gradient remained almost
constant at - 10%/AU as illustrated in Figure 9.

u
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Figure 8. Voyager data showing the change in peak energy after the solar

magnetic field reversal in 1980. Intervals A, B, and C are before the field

reversal: intervals D, E, and F are after the field reversal. The large temporal
variations of this component are clearly evident.

Solar system models for the acceleration of these particles have now moved

to the boundary of the heliosphere. Models in which this acceleration occurs

near the polar boundary of the heliosphere--accompanied by subsequent drifts
to the ecliptic plane which change phase at the time of the 1980 field reversal--

can account for at least some of the effects observed. However, the relatively

constant gradient in time and space remains difficult to explain. It is clear

that the study of this component is giving us a new and different perspective
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Figure 9. Intensity of various energy intervals of low energy 0 nuclei as ob-

served at various radial distances and levels of solar modulation. A straight

line with constant slope represents a constant gradient.

on the modulation of cosmic rays in the heliosphere, including possible ef-

fects caused by the boundary itself. At the same time, if these are directly

accelerated interstellar particles as is believed by many, a firsthand example

is provided of acceleration of interstellar material at heliospheric shocks, a

process that must be very common in the galaxy.

A second cosmic ray population, a low energy component also accelerated

within the heliosphere, (to which Dr. McDonald has also made important con-

tributions) is that component associated with CIR's. This component was

recognized for many years and originally identified with the arrival at Earth

of an interplanetary blast wave/magnetic storm, following a large flare on

the Sun which itself produced large fluxes of directly accelerated solar cosmic

rays. These low energy particles were originally called energetic storm par-

ticles. Later spacecraft measurements convincingly related these particles to

co-rotating interaction regions--their acceleration presumably occurring at

the shocks bounding these regions and their presence being closely confined

to these regions. Figure 10 is an example of these interplanetary particles
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Figure 10. Co-rotating increases of low energy protons associated CIR "s ob-
served in 1973-1974.

(0.5-1.8 MeV protons) associated with a series of CIR's occurring in 1973-1974,

many which recurred with a 27-day periodicity. Pioneer particle, magnetic

field, and plasma measurements at different radii showed that these CIR's

actually became stronger and more defined as one moved out from the Sun

and faster moving shocks overtook slower ones, thus coalescing into fewer

but stronger CIR's. In a landmark paper, Van Hollebeke et al., 1978, were

able to follow individual events outward from the Sun using data from the

Pioneers and IMP at three radial locations and to show that the cosmic ray

intensity associated with individual CIR's reached a maximum at - 3 AU

(Figure 11) as the strength of the shocks reached a maximum and then declined

at larger distances out to - 10 AU as the shock strength slowly declined due

to radial and azimuthal expansion. This direct connection between the cosmic

ray intensity and the CIR strength was an important indicator that the cosmic

rays were being accelerated locally in the interplanetary medium and not solar-

accelerated particles trapped in the CIR's. Beyond 10 AU cosmic rays

associated with CIR's or interplanetary shocks are observed less frequently

but on occasion "giant" shocks are seen, coupled with enhanced fluxes of
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cosmicraysup to 20-30MeV, presumably accelerated locally. Examples of

this type of event seen in April 1981 and in July 1982 at distances up to -

20 AU are shown in Figure 12.

Before leaving this topic we should mention another possibly related popula-

tion of low energy cosmic rays--a very steep spectrum of cosmic ray pro-
tons, helium, and heavier nuclei that is present at quiet times. This compo-

nent is illustrated in Figure 5 and particularly in Figure 6 for He nuclei. It
seems to be present at all times--even magnetically quiet times and because
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of its steep spectrum requires a considerable energy input to be accelerated

and to be maintained against the adiabatic energy loss to be expected in the

solar wind. It is observed at 30 AU, but no clearly established gradient has
been defined. As yet it is not clear what its origin is--solar, interplanetary,

or even at the boundary of the heliosphere. This forgotten population should

certainly be a candidate for more study during the upcoming period of
minimum solar activity.

A third, well-defined population of cosmic rays observed in the heliosphere

is accelerated directly in solar flares--sometimes to energies > 100 MeV and

on rare occasions to energies > 1 GeV when they are seen at sea level by neutron

monitors. These particles have been studied in great detail since the great flare

of 1956 with earthbased detectors. A major step forward in our understand-

ing of the global properties of these particles has come from studies using
spacecraft remote from Earthmparticularly again the Pioneer and Voyager

spacecraft. In terms of understanding energetic particle motion in the helio-

sphere, these particles have provided more local information--first on con-

ditions between the Earth and the Sun and then later, after the launch of

Pioneer 10, on conditions out to - 5 AU and beyond. Studies of the onset

times, anisotropy, and intensity time profiles of these events have led to a

picture of particle motion along magnetic field lines along with diffusion and

energy loss that agrees with the picture obtained from the interplanetary gra-

dient studies of galactic cosmic rays. At 1 AU these particles are clearly

recognized by their intensity time profile, however, beyond - 5 AU the in-

tensity of these solar particles diminishes greatly, and it becomes more and

more difficult to distinguish them from the CIR-accelerated particles that ap-

pear as the flare-instigated shock propagates outward. An example of the com-

plex behavior of low energy particles is shown in Figures 13 and 14. These

figures show the intensity-time behavior of low energy cosmic rays during

a six-month period in 1980 observed at the Voyager 1 and 2 spacecraft. These

spacecraft are separated by - 1.2 AU in radius and have a small azimuthal

separation. Temporal variations associated with CIR's are clearly evident with
well-defined time delays between Voyager 2 and Voyager 1 associated with

both radial and longitudinal propagation effects. A large solar flare increase

is evident in the higher energies at both spacecraft in early August. This event

is clearly related to a solar flare and to particles observed at Earth several

days earlier. A good example of a large solar flare event occurring at Earth
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in early June 1982 and seen at Pioneer 11 at 12.5 AU and Pioneer 10 at 28.1

AU is shown in Figure 15. At 28 AU the peak intensity is reduced by a factor

- 104 and the event is spread over several months. The particles associated

with the interplanetary shock clearly dominate the later phases of the event.

These rare events that can be observed at large distances from the Sun pro-

vide some very sensitive tests of energetic particle propagation theory and need

to be studied more carefully. As an illustration of how the parameters
associated with these events scale with distance we show the time to maximum

intensity and the total integrated intensity of particles as a function of distance

in Figures 16a and 16b as derived from a study of over 10 of these events
that could be identified at more than one radius. It is clear that beyond 30-40

AU it is unlikely that even the largest solar flare events will be observable

above a few MeV, the intensities being decreased by a combination of energy

loss and diffusion into a larger and larger volume. The early thought that

solar-type stars could provide large quantities of energetic cosmic rays to in-

terstellar space where they would be accelerated further to become galactic

cosmic rays is thus unlikelynthe original solar cosmic rays never make it out

of the heliosphere for a variety of reasons, the principal one appearing to

be adiabatic energy loss.

The fourth population of cosmic rays in the heliosphere is the galactic cosmic

rays. These particles, incident on the heliosphere from outside, are energetically

the most important population and are sensitively affected by the outward

moving solar plasma and magnetic fields thereby producing the 11-year cycle

of solar modulation. These particles have a long history of study at the Earthn

here we shall dwell only on those studies remote from Earth that have helped
to define the scale size and three-dimensional character of the solar modula-

tion problem. The principal measurement that can be made in this regard is

the interplanetary radial gradient--as a function of both energy and particle

species if possible. An example of one of the types of measurement used to

deduce the gradient is given in Figure 17 where the integral rates of > 60

MeV protons measured by the telescopes on IMP, Voyager 1 and 2, and
Pioneer 10 are shown as a function of time after the launch of Pioneer 10

in 1972. These rates are carefully normalized and show the large 11-year solar

modulation effects beginning in 1978, as well as a growing separation of the

individual rates, indicative of a radial gradient because of the progressive radial

separation of the spacecraft. The gradient between Earth and Pioneer 10 is
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illustratedin Figure18.It remainedconstantfor severalyearsand as a func-

tion of radius to beyond 20 AU at a value - 2.8 %/AU. Closer examination,

using data from several spacecraft, has shown that there is probably a radial

dependence of this gradient, (it is larger inside of 8 AU and appears to go

through a minimum at - 10-12 AU) and that the general overall gradient

has decreased considerably during the recovery phase of the solar cycle after

1982. Another way of illustrating the average behavior of this gradient is shown

in Figure 19. The implications of the constant radial gradient, as well as the

decreased (but still independent or r) gradient after 1982 are evident from this

figure--most of the solar modulation must be occurring beyond 35 AU]

Spacecraft are still well within the modulation region at 35 AU and it is unlikely
that the boundary where the interstellar intensity is reached is closer than -

50 AU. In fact, the boundary location could vary with the level of modulation.

The rates of various energetic particles may be examined as a function of time

and used to derive various differential energy gradients. An example showing

- 120-250 MeV protons is shown in Figure 20. The radial gradient derived

from this data (shown in Figure 21) shows a similar behavior with time as

v
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Figure 18. Radial gradient of > 60 MeV particles observed between Earth
and Pioneer 10.
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the integral gradient, decreasing in amplitude after 1980. This kind of detailed

analysis is unique to Frank McDonald. He is the only experimenter deriving

the differential spectra and intensities of higher energy particles from spacecraft

data and comparing intensities at different radii. This is proving to be very

valuable. Examples of these detailed spectra that are a specialty of Dr.

McDonald are shown in Figure 22. These comparative studies have shown

that the gradients of all types and energies of particles have decreased

dramatically after about 1982, not at the intensity minimum or at the solar

magnetic field reversal in 1980-1981 but after the recovery phase of solar

modulation was established in 1982. This is a new phenomenon and does not

appear to have an immediate explanation in terms of the current modulation
models.

One important question with regard to the dynamics of the 11-year modula-
tion of galactic cosmic rays that has been answered using measurements from

spacecraft at different radii concerns how this modulation cycle actually prop-
agates: from the outer boundary in or from the Sun outward. McDonald was

one of the first to show that this modulation cycle propagates outward from

the Sun at approximately the solar wind velocity as is illustrated in Figure

23 [McDonald et al., 1981]. It has now been shown that the modulation cycle

propagates outward at approximately the same velocity during the recovery

part of the cycle as well. This suggests that part of the overall modulation

is related to local phenomena and the modulation is a dynamic process, not
fully considered in most earlier modulation models. One of these local

phenomena of importance is the Forbush decrease, a large transient decrease

in intensity associated with a blast wave or plasma disturbance emanating from

a large flare or active region on the Sun.

One important aspect of trying to understand the overall solar cycle 11-year

modulation of cosmic rays is the cumulative effect of many of these large

transient decreases on the cosmic ray intensity. These decreases occur more

frequently during the decreasing intensity phase of the cycle through minimum

intensity. Models in which the 11-year variation is caused by a superposition

of many Forbush decreases "piling up" in the heliosphere before they reach

the boundary have been suggested. It has been possible to follow these For-

bush decreases outward in the solar system to - 30 AU and beyond using

Pioneer and Voyager data. An example of such a decrease occurring in July
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1982andobservedatseveralradii isshowninFigure24.Oneimportantfeature
of this eventis the longerrecoverytimeat largedistance.Thecharacteristic
recoverytime variesfrom - 7 daysat Earthto _>80daysat 21AU. This
featureis observedin - 20Forbushdecreasesobservedbetween1978and
1983and, in fact, therecoverytime is observedto bea functionof radius,
increasingto morethan 100daysfor eventsseenat largedistances.If this
kindof increasecontinuesto 50AU thenrecoverytimes _>1yearin duration
might be expectedand the characteristicrecoverytime scalefrom these
decreasesbeginsto looklikethat for thesolarcycle11-yearvariation.Perhaps
therelationshipbetweenthesetwo typesof temporalvariationsisevencloser
thanwe think.

An important stepin the understandingof the developmentof thesetran-
sientdecreasesastheypropagateoutwardhasbeenachievedby Burlagaet
al., 1985.Theyhavebuilt ontheirearlierideathat, astheshocksandmagnetic
fieldstrengthenhancementspropagateoutward,the fasterstreamsovertake
the sloweronesproducinga newkind of flow calleda mergedinteraction
region.Thesemergedinteractionregionsdominatethe transientvariations
at largedistancesandasaresultthe longtermvariationin intensitydepends
on thefield strengthin theinteractionregionsandthefrequencyof interac-
tion regions,thusprovidinga directconnectionto the 11-yearvariation.

ThePioneerandVoyagercosmicrayobservationsthroughouttheheliosphere
areindeedgivingusanewperspectiveonthethree-dimensionalcharacterand
scalesizeof theheliosphere.Most clearlytheyareemphasizingtherolethat
transientvariationsin theouterheliosphere,andmostlikely theheliospheric
boundaryshock,playin the 11-yearsolarcyclemodulationof cosmicrays.
Thenextfew years,aswepassthroughanothersunspotminimumin 1988,
are indeed crucial for interpreting and expandingupon these latest
developments.If thePioneersandVoyagersremainin goodcondition(and
receivecontinuedtracking),wewill beableto sampletheheliosphereto -

50 AU in both directions and to define more clearly the role of the outer

heliosphere in all of these phenomena. One hopes that at Dr. McDonald's

sixty-fifth birthday celebration in 1990, the quest for understanding the

heliosphere and the role of cosmic rays in it which McDonald was instrumen-

tal in starting and pursuing with vigor, will be even closer to fruition.
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ANTIPROTONS IN COSMIC RAYS
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Laboratory for High Energy Astrophysics
Goddard Space Flight Center

Greenbelt, Maryland 20771

1. INTRODUCTION

Our experience with particle physics on the microscopic level at high energy

accelerators has shown that particles are produced symmetrically with antipar-

ticles. The extension of earlier nonrelativistic quantum mechanics to include

relativistic effects led Dirac [1928] to predict the existence of positrons,

subsequently discovered in cosmic ray experiments [Anderson, 1933]. High

energy experiments with the collision of protons with other nuclei led to the

discovery of antiprotons [Chamberlain et al., 1955]. These observations could

be understood as conservation of baryon numbers and lepton numbers in

nuclear interactions. These symmetry laws, as well as the phenomenon of an-

nihilation of particle-antiparticle pairs when they interact, imply that if mat-

ter and antimatter exist in macroscopic quantities, they must be isolated from

each other. The scale sizes of regions separating matter and antimatter are

of fundamental importance in the study of cosmology [Stecker 1982, 1983;

Steigman, 1976; and Zeldovich, 1965].

Recent experimental observations [Golden et al., 1979; Buffington, Schindler,

and Pennypacker, 1981b; and Bogomolov et al., 1979] of antiproton fluxes

larger than expected [Gaisser and Maurer, 1973] in the cosmic corpuscular

radiation have stimulated the interest of physicists in several disciplines to

consider their implications.

On astrophysical scales, the interfaces between regions of matter and antimatter

might be revealed by the emission of gamma rays from annihilation processes.
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However,otherelectromagneticradiationfromasourcecomposedof antimat-
ter wouldhaveidenticalcharacteristicsto thosefrom a sourcecomposedof
ordinarymatter.Consequently,X-ray, UV, optical,infrared,or radioobser-
vationsareincapableof differentiatingbetweensourcescomposedof matter
or antimatter.Thecosmicradiationcontainsdirectsamplesof matterfrom
regionsfar beyondthesolar system.Somefractionof thesenucleimaybe
extragalacticin origin. If wewereableto unambiguouslyidentify samples
of antinuclei(Z >t2) in thecosmicradiation(theycannothavebeenproduced
in collisionprocesses),wewouldhaveanunambiguoussignatureof a large
regionof antimatter.Thus,cosmicraycompositionmeasurementsandgamma
raybackgroundobservationshaveaveryimportantbearingonthefundamental
question:Is the universesymmetricin matter andantimatter?

2. EXPERIMENTAL RESULTSON ANTIPROTONS

TableI, followingSteigman[1976],listsexperimentsandtechniquesusedto
searchfor antiprotonsand antihelium.Generallyspeaking,the techniques
canbeclassifiedaseithermagneticdeflectionor annihilation.Theannihila-
tionexperimentscanbefurthersubdividedinto thoseexploitingtopology[Buf-
fington,Schindler,andPennypacker,198lb] andthosesensitiveto thetotal
energyreleaseor calorimetry(emulsions).

Theemulsionexperimentshaveinformationon both energyandtopology.
In practice,however,the investigators[Apparao,1967]look for an incom-
ing slowproton-liketrack(E < 200MeV)comingto theendof its rangeand
causinga nuclearinteractionof energylargerthanthekineticenergyof the
incomingparticle.

Apparao [1967]lookedfor annihilation interactionsin emulsionflown on
balloons and from the absenceof detectionof annihilation interaction
placedanupper limit for P/P at < 9 x 10-a for rigidity < 0.6 GV/c.

Goldenetal. [1979],usingtheir balloon-bornesuperconductingmagnetspec-
trometer,reportedfinding46 antiprotoncandidatesin the rigidity interval
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5.6 to 12.5GV/c. From these46, 18eventsweresubtractedasdueto at-
mosphericand instrumentationbackground.They interpret their data as
resultingin a P/P = (5.2 _+ 1.5) × 10 -4. In a later publication Golden et

al. [1984] have revised P/P to (6.8 _+ 1.7) × 10 -4. In a joint experiment

with the authors, Golden has plans to lower the threshold energy of his

Cherenkov detector so that measurements with the balloon superconducting

magnet can be made to lower energies.

Golden et al. [1984] have recently analyzed their balloon data to provide a

differential spectrum of antiprotons in the few GeV range of energies. The

poor statistics of the data make it difficult to see any clear pattern of cor-
respondence of data with the various models. The data are more consistent

with the shape of the P/P ratio expected from a secondary origin model than

with a constant P/P ratio, but the flux is higher than expected by a factor
of about 4.

Bogomolov et al. [1979] used a permanent magnet and spark chamber system

to detect two events identified as antiprotons. Given the fact that the geometry

factor of the system was only 1.1 cm 2, the derived flux is consistent with the

results of Golden et al. [1979]. This result is limited by statistical uncertain-

ties rather than by possible background effects.

The 1979 experiment of Buffington, Schindler, and Pennypacker found an

unexpected result at odds with current theories of origin and propagation of

cosmic rays. The energies of these observed antiprotons are below the pro-

duction kinematic threshold and their flux is high, P/P -- 2 × 10 -4. The

results have been controversial. Detailed criticism of the experimental work

has been made [see, for example, Stephens, 1981a]. Figure 1 shows the ex-
isting results on the measurement of the P/P ratio.

3. THEORETICAL INTERPRETATIONS

These antiproton observations, at the very least, force us to reexamine our

current picture of the origin and propagation of cosmic rays, and they may

imply evidence for more exotic processes.
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We nowsurveythe varioustheoreticalideaswhichhavebeensuggestedto
interprettheseunexpectedexperimentalobservations.

A. SecondaryProductionIn Matter

Theexperimentaldataon thenuclearcompositionof cosmicrayshasresulted
in thedevelopmentof severalmodelsfor thepropagationof cosmicraysin
the interstellarmedium[Cesarksy,1980].Thecrucialexperimentalobserva-
tion of the(L/M) ratio of secondarynuclei(producedin nuclearcollisions
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Figure 1. The data of Golden et al. [1979], Bogomolov et al. [1979], and Buf-

fington, Schlindler, and Pennypacker [1981b] are compared with expectation
from the class of models in which the antiprotons arise as secondaries of

interactions.
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of heaviernucleiwith interstellarmatter) to the primary nuclei has been the

starting point of all the models. Antiprotons may be produced in collisions

of protons with interstellar hydrogen. Given the observed proton flux, the
P/P ratio can be calculated from known cross-sections and from the target

thickness implied by studies of the heavier nuclei. An important feature of

these studies is the variation of the target thickness as a function of energy.

The behavior of the ratio at higher energies where no observations are available

form the subject matter of the predictions from these models. In a separate

paper [Cesarsky and Ormes, this volume] these models have been discussed,
and for details the reader is referred to that paper.

m

In Figure 1 the observed P/P is compared to the predictions from the more

prominent of these models. It is apparent that the P's are present in cosmic

rays with a greater abundance than predicted [see curve labeled Standard Leaky
Box]. The production of P's demands a much larger passage of matter than

one would expect based on an analysis of the data from heavy nuclei. The
curve labeled 21 g/cm 2 has been scaled up to fit the observations. This has

motivated some workers [Cowsik and Gaisser, 1981; Mauger and Stephens,
1983; and Ginzburg and Ptuskin, 1981 ] to speculate on scenarios where more

matter is traversed by cosmic rays in a certain phase of their acceleration.

Essentially, these models suggest a separate source of protons (and possibly

He nuclei), a source or sources surrounded by a large thick shroud (- 50

g/cm2). If heavy nuclei were accelerated in these sources, they would be

broken up in this thick shroud of material and only protons and their second-

aries will escape. (The mean free path for proton interaction is about 50

g/cm2). Assuming these sources act like the sources of heavier cosmic ray

nuclei, the predicted spectral exponent of these models for antiprotons is
E-3.3.

Recently Morfill, Meyer, and Lust [1985] have developed a model where

shocks, produced by supernova remnants, interact with nearby clouds. The

enhanced cosmic ray abundances accelerated in the shock produce secondaries
when the shock interacts with the cloud. If clouds fill 8 % of the interstellar

medium and hot, low density gas makes up the remainder of the medium,

they claim an agreement between the calculated secondary to primary ratios

with observations. The energy dependence of the secondary to primary ratio
comes from the energy dependent escape from the waves near the shock. This
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modelpredictsthat theP/P ratiowill fall with increasingenergyup to some
energy(perhaps about 100 GeV) at which the ratio will flatten to a compo-
nent due to interactions with the averaged interstellar material. This paper

did not present quantitative predictions.

Another class of models separates the origin of protons from the heavier nuclei.

These are generally models in which the population of protons (and perhaps

helium) is old and has traversed more matter than the heavy nuclei which are

presumably younger and produced in a nearby source. These are sometimes

known as closed galaxy models [Peters and Westergaard, 1977] (closed galaxy

curve). Protheroe [1981] has shown that the antiproton flux in the energy range

above 1 GeV is consistent with the predictions of the closed galaxy model,

but the low energy data are inconsistent with this model. Stephens [1981] has

postulated a three-tier model which is a combination of the closed galaxy and

the leaky box models. About one-half the protons are young and reach us

promptly from the spiral arms whereas the other half is trapped in the outer

galaxy. Being trapped, they traverse a lot of matter and so produce a larger

amount of secondary antiprotons. Stephens' model is capable of matching

the observations of both P and e ÷ . These models generally produce spectra

which are not power laws as they admix components with different exponents.

The observed antiproton data demand not only large matter traversal but also

a mechanism of energy degradation from the GeV range to a few hundred

MeV, as pointed out by Buffington and Schindler [1981a], Eichler [1982],

Ginzburg and Ptuskin [1981], and Manger and Stephens [1983].

There is a class of models in which antiprotons are produced in collisions,

and then injected into an accelerator along with protons. Those models pro-

duce the same asymptotic spectra for protons and antiprotons.

Ginzburg and Ptuskin [1981] have considered production of antiprotons in

young supernova envelopes where cosmic ray protons pass through appreciable

amounts of matter. The antiprotons would undergo adiabatic energy losses
in turbulent regions in the envelope and their spectrum is weighted towards

low energy. These regions, being surrounded by large amounts of matter, would

not let heavy nuclei leave the sources, as they would break up by nuclear and

photonuclear reactions at this active stage. Nuclei could be accelerated at a
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later stagefrom theseremnantsor asCowsikandGaisser[1981]postulate,
the sourcesof heavynucleiandprotonsand He nucleicouldbedifferent.

Moraal andAxford [1983] and Mauger and Stephens [1983] produced the

antiprotons in the early dense phase of a supernova explosion. The details

differ, but these models feature the injection of antiprotons at low energy

as secondaries and then accelerate them along with protons so the spectra
should be the same (E -2'7) at high energy. (See curve labeled Collisional

Injection.)

Tan and Ng [1983] attempt to interpret the observed antiprotons as arising

from the interactions of protons in the dense molecular H E cloud regions
concentrated in a ring of radius 5 Kpc around the galactic center. The gamma

ray data and molecular H 2 density distribution derived from molecular CO
distribution lend credence to a nonuniform density distribution in the galac-

tic disc. Tan and Ng claim that all the available data on antiprotons, including

the low energy data of Buffington, Schindler, and Pennypacker [198 lb], can

be explained by their model. The antiprotons are secondaries produced in the

5 Kpc molecular ring. Subsequent adiabatic deceleration due to the expan-
sion of the ring decreases their energies below the kinematic threshold. Second-

aries of heavier nuclei are produced on scales comparable to the disc and are

not affected by these special effects. If matter concentration is important for

the production of antiprotons, it should have important contributions to sec-

ondaries and of Fe and ultraheavies. Unless there are special sources of anti-

protons as Cowsik and Gaisser [1981] speculate, it is hard to discount effects

on heavier nuclei. What happens to He nuclei, for example, in this model?

Does one expect a large 3He/4He ratio at low energies? Details are not

available from the work of Tan and Ng.

Lagage and Cesarsky [1985] have examined the general problem of explain-

ing antiproton fluxes by production in thick sources. They conclude that while

such sources may contribute as little as 25 percent of cosmic rays, minimum
source grammages of about 30 g cm -2 are needed to avoid production of

light secondary nuclei in excess of observation. They calculate that gamma

rays from these sources would then be expected to contribute somewhat more
than half of the observed gamma ray flux above 100 MeV. This is barely
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tolerableas one can already account for at least half of the gamma ray flux

by diffuse emission from cosmic rays interacting with ambient interstellar

medium [Lebrun et al., 1983]. The problem of overproduction of gamma rays
in thick sources is exacerbated if cosmic rays are adiabatically decelerated in

the sources, increasing the source luminosity.

Only models with collisional injection are able in a natural way to explain

the abundance of antiprotons at 200 MeV. Other models must add substan-

tial deceleration in some manner or other to produce antiprotons an order

of magnitude below the kinematic threshold, even including solar modula-
tion effects.

Dermer and Ramaty [1985] investigated the possibility that antiprotons are

produced in (p-p) collisions in relativistic plasmas. In their model, both pro-

jectile and target protons are in motion, and the antiproton production

kinematic threshold is lower in the frame of the plasma. The spectrum in this

case would extend to much lower energies compared to the production of sec-

ondary particles in cosmic ray collisions with ambient matter. As possible pro-

duction regions they consider matter-accreting condensed objects. Excessive

gamma ray production from 7r° decay is avoided in their scenario by having

the surrounding gamma ray density large so that gamma-gamma collisions

make it optically thick for gamma rays. Antiprotons might be trapped by

magnetic fields, but antineutrons could escape from the region and then decay

into antiprotons thus providing for their injection into the interstellar medium.

B. More Exotic Explanations

1. Primordial Black Holes and Their Evaporation

Kiraly et al. [1981] and Turner [1983] consider a model involving evaporating

primeval black holes (PBH) in the galaxy, first suggested by Hawking [1974].

PBH's with original masses - 5 x 10 TM g, if created in the early universe,
would have evaporated already. Higher mass black holes evaporating and los-

ing mass could contribute to a quasi-equilibrium density of black holes of
mass 5 x 1014 g which might contribute to antiprotons observed. Following

Carr [1975], Kiraly et al. show that the solar demodulated antiproton spec-

trum could be consistent in slope and intensity with current ideas regarding
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blackholes.Thelow energyflux of antiprotonsof Buffington, Schindler,
andPennypacker[1981b] has been demodulated by Kiraly et al. assuming

adiabatic energ_y losses of 400, 600, and 900 MeV, respectively, as shown in
Figure 2. This P spectrum from primordial black holes would be a power law

(E-3°). This type of a power law spectrum for antiprotons could arise either

from acceleration of nearly thermal antiprotons or emission from primordial

black holes. The acceleration of antiprotons from nearly thermal antiprotons

from the galaxy is ruled out because the annihilation gamma ray background

would be much larger than observed. The black hole model according to the

authors is consistent with the gamma ray background, the electron and positron

fluxes, and the low abundance of antihelium. Kiraly et al. also pointed out

that if black holes are confined to galaxies, the antiproton data reduce their

upper limit by a factor of 30 compared to the present limits set by gamma

ray background.

2. Galactic Nuclei, SS433 Type Objects and Their Environment

Eichler [1982] points out that while solar modulation may enhance P/P at

low energies, the modulation effect alone is not strong enough to account

for the value claimed by Buffington, Schindler, and Pennypacker [1981b].

In solar modulation, while there is energy loss, the intensity of antiprotons

would be even higher outside the heliosphere than the observed values. Ac-

cording to Eichler, antiprotons could be produced in dense compact regions

where the radiation density is sufficiently high to block gamma ray escape

through photon-photon collisions and to degrade electron energies. Adiabatic

deceleration of the produced antiprotons is postulated. Following Ramaty

and Lingenfelter [1981], Eichler suggests that the environment around ob-

jects such as active galactic nuclei or those like SS433 may be suitable can-

didate sources for injecting antiprotons into the interstellar medium.

3. Baryon Symmetric Cosmologies

The observed particle/antiparticle symmetry in accelerator experiments and

the conservation of baryon and lepton numbers in particle interactions leads

one to question why this symmetry is not observed in the universe. Several
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Figure 2. Following Kiraly et al. [1981] and Stecker and Wolfendale [1984]

the data are shown with antiproton spectra expected from primordial black

holes (dashed curve) and extragalactic antiprotons (solid curve). The differential

flux represented by the [Buffington, Schindler, and Pennypacker, 1981b] point

has been demodulated assuming three different mean energy losses (see text),

adiabatic deceleration, and the applicability of Liouville's theorem. The ver-

tical dashes on the three demodulated points represent plausible uncertain-

ties in this procedure. Both spectra have been normalized at 9 GeV. For com-

parison, curve A shows the spectrum expected from a leaky box model with

5 g/cm 2.
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cosmologists have taken the view that the symmetry is a fundamental one;

but the separation of matter and antimatter into different regimes prevents

the total annihilation of matter. Among the early models, we refer to those

developed by Omnes [1970] and studied by Stecker and Puget [1972] and

Combes, Fassi-Fahri, and Leroy [1975].

The development of the Grand Unified theories has resulted in the develop-

ment of models [Stecker, 1982] where the exact manner in which charge parity

(CP) violation is incorporated in gauge theories determines the nature of the

resulting cosmology. If CP violation is spontaneous, random sign changes
in casually independent regions will split the universe into domains of baryon

or antibaryon excesses. Stecker has used this scenario to postulate an explana-

tion of the cosmic gamma ray background spectrum. If these regions are

separated on a galactic scale, a small flux of extragalactic P and He could

be expected.

Stecker, Protheroe, and Kazanas [1983] examined the possibility that the

observed antiprotons are primary particles from active galaxies and found

this hypothesis consistent with the antiproton observations. Baryon symmetry
would naturally seem to result in P/P = He/He; whereas, the results of

Buffington, Schindler, and Pennypacker [1981b] imply He/He < P/P by at

least a factor of 10. This result requires destruction of antihelium relative to

antiprotons. This is done by fragmentation loss of antihelium by interactions

with matter or radiation. Stecker et al. presume that the He produced in

active galaxies is destroyed, so that any He surviving would come from nor-

mal (anti) galaxies. Estimating leakage from such galaxies, they predict

He/He - 5 × 10 -6 to 5 × 10 -5, close to the Buffington, Schindler, and

Pennypacker limit of 2 x 10 -5.

m

More stringent experimental limits on He/He would be of great value in

the context of baryon symmetric models.

Stephens [1983] observed that the high energy P/P ratio in our galaxy should

vary as E _, when the leakage of cosmic rays from galaxies is assumed to vary
as a power law E -_. This assumes: (1) that the source spectra in our galaxy

and in an extragalactic source are the same and (2) that the source spectral

index of protons in our galaxy is harder than that observed by an amount
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_. As a consequence,extragalacticantiprotonsarriveatEarth with a spec-
trum E -2"7+6 and the P/P ratio observed rises as E *. (See Figure 3.) Stecker

and Wolfendale [1984] then suggest that the increasing flux of extragalactic

antiprotons and protons might account for the "bump" in the cosmic ray
spectrum observed around 10 ]5 eV.

Stephens [1983, 1985] has examined the question of constraints on the high

energy antiproton spectrum derived from the observed sea level muon charge

ratio. He derives upper limits on the P/P ratio such that the extragalactic

hypothesis would conflict with values of fi greater than about 0.6 for energies
above 104 GeV.
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Figure 3. The expected high energy behavior of antiproton spectra from ex-

tragalactic sources and primordial black holes are shown.
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Measurementof the P spectrumabove10GeVwouldeitherdecisivelyrule
out theextragalacticoriginof antiprotonsorprovideevidencefor its validity.

4. SupersymmetricTheoriesandPhotinos

In supersymmetrictheories,for everybosonthereisacorrespondingfermion
partner.SilkandSrednicki[1984] suggested that the photino, the supersym-
metric partner of the photon, could be a candidate for the invisible mass in

the universe and could help in a viable scenario for galaxy formation and
clustering of galaxies. The signature of the presence of vast amounts of

photinos in the early universe could be looked for in the larger flux of anti-

protons produced in the annihilation of photinos and antiphotinos. Stecker,

Rudaz, and Walsh [1985] calculate that the available data on antiprotons are

consistent with photinos of several GeV mass, Figure 4. Their calculations

are normalized to fit the existing data, but the shape of the P/P ratio is cal-

culated for the photino masses indicated. Assuming all the observed antiprotons

are due to this process, and ignoring for the moment the large uncertainties

in the existing experimental data, Stecker et al.'s calculation seems to suggest

a photino mass of 15 GeV or higher. More precise P data which showed a

sharp cutoff in the antiproton spectrum would be strong evidence for photinos
or other Majorana fermions in the galaxy. Some recent calculations indicate

that gamma ray lines may also be a signature of these photinos [Srednicki,

Theisen, and Silk, 1986; Rudaz, 1986; and Eichler and Adams, 1987].

4. CONCLUSION

From the summary presented, we can see that the approximately 50 antiprotons

collected in balloon experiments to date have generated considerable theoretical

interest. Clearly, confirmatory experiments and measurements over an ex-

tended energy range are required before definite conclusions are drawn. We

can see that antiproton measurements have a bearing on astrophysical prob-

lems ranging from cosmic ray propagation to issues of cosmological import.

The next generation of balloon experiments and the Particle Astrophysics

Magnet Facility being discussed for operation on NASA's Space Station should
provide data and new insights of the highest interest.
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ABSTRACT

The HEAO-3 Heavy Nuclei Experiment has measured abundances

of elements from 1sAt to 92U in the cosmic rays. The results on the
ultraheavy elements, those with atomic number greater than 30, in-

dicate that the sources of cosmic rays contain a mixture of r-process

and s-process material similar to that found in the solar system.

This result is at variance with previous indications that the sources

are greatly enhanced with freshly synthesized r-process material.

Apparent discrepancies between our results and the accepted solar-

system abundances have led to a reexamination of data on photo-

spheric abundances of Ge and Pb, resulting in suggested reductions
in their values.
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1. INTRODUCTION

It isappropriateto discusstheultraheavy(UH) cosmicrays(nucleiwithatomic
number,Z, greaterthan30)in avolumewhichhonorsthecareerof Frank
McDonald.WhileFrankhasnotparticipateddirectlyinexperimentsto measure
theseveryrarenuclei,hehashadmajor influenceonwork in this field, both
by his pioneeringresearchin the mid-1950'swith multiparametercounter
techniquesfor identifyingcosmicrayelements,andby his leadershipin the
late 1960'sand the 1970'sin establishingand guidingthe High Energy
AstronomyObservatory(HEAO) program.The bestdata to dateon the
elementalcompositionof UH cosmicrayshascomefrom theHeavyNuclei
ExperimentwhichflewonHEAO-3,andthisinstrumentusedamultiparameter
countertechniquewhichis adirectdescendentof that usedin Frank'searly
work.

Thefirst countertelescopewhichusedthedE/dx-Cherenkovtechniquewas
flown by Frankon balloonsin 1955[McDonald,1956].In thoseflightshe
usedanNaI scintillationcounterandaLuciteCherenkovcounterto measure
thecosmicrayalpha-particleenergyspectrum.SubsequentlyFrankandBill
Webberextendedtheuseof this techniquein an importantseriesof balloon
flightswhichmeasuredtheprotonandalpha-particleenergyspectraandtheir
variationoverthecourseof severalyears[McDonaldandWebber,1959,1960].

In thelate1960'sFrankwastheprincipalmotivatorbehindplansfor a"Super
Explorer" programin whichanewclassof verylargeinstrumentsfor high
energyastrophysicscouldbeplacedinorbit. Hiseffortsledin 1970to asolicita-
tion for proposalsfor experimentsto be flown on a seriesof High Energy
AstronomyObservations.In 1971,anumberof X-ray,gammaray,andcosmic
ray experimentswereselectedfor two largeHEAO spacecraft.Our Heavy
NucleiExperimentwasamongthoseselectedfor the first HEAO, whichat
thattimewasscheduledfor launchin 1975.In early1973,impelledbybudget
problemsin NASA, theHEAO programwasreconfiguredto threesmaller
spacecraft,andour experimentwasmovedto thethird of these,scheduled
for launchin 1979.As HEAO project scientist,Frankplayeda major role
in maintainingthe scientificviability of theHEAO programin the faceof
thesedifficult redesigns.
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HEAO-3waslaunchedonSeptember20, 1979,into acircularorbit with ini-
tial altitude496km andinclination43.6°. Thespacecraftreturneddatauntil
theendof May 1981.TheHeavyNucleiExperiment[Binnset al., 1981]was
composedof six dual-gap, parallel-platepulse ionization chambers,a
CherenkovcounterwithPilot-425(plexiglassdopedwithwavelengthshifter)
radiators,andfour layersof dual-coordinatemultiwirehodoscopes.Thein-
strumentusedthe dE/dx-Cherenkovtechniquefor measuringthe nuclear
chargeof individualelements.ThetotalgeometryfactoroftheHEAO Heavy
Nuclei Experimentwasapproximately5 m2sr,althoughthe bestcharge
resolutionwasachievedby limiting analysisto particlesthat penetratedall
thecountersmageometryfactor of approximately1m2sr.This instrument
achievedindividual-elementresolution for even-Zelementsfrom 2_Fe
through58Ce,andachievedadequateresolutionat higheratomicnumbersto
determinetheratioof thePb-groupto thePt-groupof elementsandtherelative
abundanceof actinideelements.

Preliminaryresultsfrom this experimentwerereviewedat theInternational
CosmicRayConferencein Paris[Israel,1981]andin theproceedingsof the
1982summercoursein Erice[Israel,1983a].In Ericewealsopresentedasum-
maryof UH detectortechniques[Israel,1983b].A laterreviewappearedin
a 1984Committeeon SpaceResearch(COSPAR)symposium[Binnset al.,
1984],and a moreexhaustivereviewof UH cosmicraysis in preparation.

In this paperwesummarizeour resultsthusfar whichhaveabearingon the
elementalcompositionat thecosmicraysource.Theobjectiveis to compare
theobservedcosmicrayabundanceswith thoseexpectedfromvariousplausible
compositionsat the cosmicray source,and from thecomparisonto study
thenucleosynthesishistoryof thesecosmicraysaswellaselementalfractiona-
tion effectswhichmayoccurin theaccelerationprocess.In sodoingwecon-
centrateon thoseelementswhoseobservedabundancesatEarthareunlikely
to includeaverylargecomponentof fragmentsfrom thecollisionsof heavier
cosmicrayswith nucleiof the interstellargas.For theseelements,calcula-
tionswhichaccountfor theinterstellarfragmentationdonot dependverysen-
sitivelyuponthedetailsof themodelof galacticconfinementsof thesenuclei,
althoughsomepropagationcalculationsareessentialto thisanalysis[Brewster,
Freier,and Waddington,1983,1985;Margolisand Blake,1983,1985].
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Work on otheraspectsof this HeavyNucleiExperimentis in progress,and
preliminaryresultshavebeenreportedelsewhere.Theabundancesof secon-
daryUH elementswerediscussedbyKlarmannetal. [1985]. We have reported
results from calibrations of the instrument with relativistic heavy ions from

the Bevalac at the Lawrence Berkeley Laboratory [Newport et al., 1985] and

preliminary results from studies of heavy ion fragmentation carried out in
connection with this Bevalac calibration [Kertzman et al., 1985]. This experi-

ment has also allowed us to measure the relative abundance of Fe and Fe-

secondary elements at energies up to several hundred GeV/amu [Jones et al.,

1985].

There are four groups of mainly-primary UH elements: 32_<Z_<42, 50_Z_<58,
76_<Z_<82, and Z_>90. In the following section of this paper we summarize

our results on each of these groups in turn.

2. RESULTS

Prior to the results of this experiment, observations using passive detectors

(nuclear emulsions and plastic track detectors) had indicated that the cosmic

rays were greatly enriched in elements produced by r-process nucleosynthesis.

The very large values found for the ratio of actinide elements (Z>89) to

elements of the platinum-lead group (74_Z<84), 10% or more, compared with

the 1% expected from a cosmic ray source with solar system abundances, im-

plied that the cosmic rays were significantly enriched in freshly synthesized

r-process elements [Fowler et al., 1977; Shirk and Price, 1978]. Such enrich-

ment would be expected if supernovae supply the energy for the cosmic rays
and accelerate material from regions where r-process nucleosynthesis is tak-

ing place.

One of the principal achievements of this experiment has been the demonstra-
tion that this view is incorrect. We have found element abundances which

are remarkably similar to those expected from a source with composition very

similar to that of the solar system, when effects of fractionation dependent
upon first ionization potential are taken into account. Indeed the similarity

is so striking that when our results for two elements (Ge and Pb) failed to

fit with accepted solar system abundances, investigators were stimulated to
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reexaminethoseabundances,concludingthat photosphericabundancesof
thosetwo elementsareactuallyabouta factoror twolowerthanpreviously
acceptedvalues[Grevesse and Meyer, 1985].

Our observed abundances of elements from 32Ge through 42Mo relative to Fe
are displayed as data points in Figure 1 [Binns et al., 1984]. The histograms

in this figure compare the data with that expected from various source abun-

dances. In each panel the solid line histogram assumes no elemental fractiona-

tion at the source, while the dashed line histogram assumes fractionation which

depends exponentially on the element's first ionization potential (FIP). There

is reasonably good agreement between the data and the prediction from solar

system abundances [Cameron, 1982a] with FIP fractionation. Since the solar

system abundances for these elements are dominated by s-process nucleosyn-

thesis [Cameron, 1982b], there is also reasonable agreement between the data

and the s-process prediction. The abundances of these elements relative to

Fe are much greater than those of the r-process component of the solar system,

and even if one renormalizes the r-process abundances, the pattern of element-

to-element abundances variations does not match the data as well as a simple
solar system source.

One notable exception to the agreement between our data and the solar system
abundances is the element Ge. This element is well resolved in our data, and

its abundance relative to Fe is about half that which would be expected from

the solar system source. A similar conclusion is reached by examining the data
from the other HEAO-3 cosmic ray experiment, although that experiment

has a smaller geometry factor and thus its conclusion about Ge abundance

has lower statistical significance [Byrnak et al., 1983]. This conclusion is the

same whether one compares the cosmic ray data with the Cameron [1982a]
solar system abundances or those of Anders and Ebihara [1982]; and it is unaf-

fected by any model of source fractionation in which first ionization poten-

tial is the organizing parameter, because Fe and Ge have almost exactly the

same value of FIP. We have previously noted [Israel et al., 1983] that the

low observed Ge abundance could be explained if volatility were a significant

factor in source fractionation, as had been suggested by several authors [Cesar-
sky and Bibring, 1980; Epstein, 1980; Bibring and Cesarsky, 1981; Tarafdar

and Apparao, 1981; and Meyer, 1981]. We also noted [Binns et al., 1984]

177



I0(

I0
Y_

F--
<
_A
W
a: I0_
w

Z

' o)' S(3LA'R ' I ..... b)'s-'PR_E'SS

F ]

_Asl iBrl iRb_Y i iNb_ I s

g
z

03

':)' ,-'pROcess'

L-: I
GejAshSe,BrLKr Rb, Sr,Y _,

52 34 36 58 40 42
Z

.... d) ;-_Ro&s_ x'5

Ge Se Kr Sr Zr M(
As Br Rb Y Nb

32' '34 '3e' '38' '4d _2

Figure 1. Comparison of our measured abundances (data points) [Binns et

al., 1983] with those expected at Earth after galactic propagation, through
an exponential path length distribution with mean 5.5 g/cm 2 of hydrogen,

from a source with (a) solar system abundances [Cameron, 1982a], (b) solar

system s-process abundances [Cameron, 1982b], (c) solar system r-process
abundances [Cameron, 1982b], and (d) solar system r-process abundances

enhanced by a factor of 5. In each panel the solid line assumes no FIP frac-
tionation and the dashed line assumes FIP fractionation of the form 9.31 exp
(- 0.288FIP).
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that the low Geabundancecouldindicatethat theremaybea differencebe-
tweentheCl-meteorite abundance of this element and the correct solar system
abundance.

In the face of this discrepancy between our Ge data and the standard solar

system abundances, Grevesse and Meyer [1985] reexamined the spectroscopic

data on the photospheric abundance of Ge. They concluded that the best

estimate of the photospheric Ge abundance is lower than the CI meteorite

value (and the previously accepted photospheric value) by nearly a factor of

2. When they use this new estimate of the photospheric abundance of Ge as

the solar system value, the discrepancy between cosmic ray and solar system

Ge abundances disappears.

For the elements 50Sn through 58Ce, Figure 2 [Stone et al., 1983] compares
measured abundances (data points) with abundances expected (histograms)

from various sources. In this charge interval the solar system abundances have

about equal overall contributions from r-process and s-process nucleosynthesis,

with the r-process dominating the production of 52Te and 54Xe and the s-

process dominating 50Sn, 56Ba, and 58Ce. If one ignores the possibility of
source fractionation dependent on the first ionization potential, then the

observed peaks of Sn and Ba suggest a distinct enhancement of s-process

material. But these two s-process elements also have lower FIP than the Te

and Xe, and thus FIP fractionation would be expected to increase the abun-
dance of Sn and Ba relative to Te and Xe. When FIP fractionation similar

to that found for lower-Z elements is applied to the possible sources, the data

are found to be in reasonable agreement with a source abundance containing

a mixture of r-process and s-process contributions in about the same propor-
tions as is found in the solar system.

In the "platinum-lead" region the solar system abundances are dominated

by an r-process peak of the elements 76Os, 77Ir, and 7aPt, and an s-process

peak at the element 82Pb. In our experiment we were unable to resolve in-
dividual element peaks at these high charges, but we did form a "Pb/Pt"

ratio of charge groups with the "Pb" group including events with charge

81<Z<86, and the "Pt" group including events with charge 74<Z<80. We

find a value of 0.25 ___0.09 for this ratio [Binns et al., 1985]. Figure 3 com-

pares this result with that expected from a source with standard solar system
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expected at Earth after galactic propagation, through an exponential path
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assume no FIP fractionation and the lower panels assume exponential FIP
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tial path length distribution with mean 5.5 g/cm 2from sources with standard

solar system abundances [Anders and Ebihara, 1982] or r-process abundances

derived from those solar system abundances [Fixsen, 1985; Binns et al., 1985].

Solid lines assume no FIP fractionation, which for these elements is equivalent

to a step function FIP fractionation with step above 9 eV,"dashed lines assume

exponential FIP fractionation. Reduction of the solar system Pb abundances

as suggested by Grevesse and Meyer [1985] wouM lower the expected solar

system values by a factor O.63, as indicated by the dotted line, and would

cause an even greater reduction in the r-process expectations.
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abundances [Anders and Ebihara, 1982] and with an r-process source derived

from those solar system abundances [Fixsen, 1985; Binns et al., 1985]. Our
observed "Pb/Pt" ratio is distinctly lower than that expected from this as-

sumed solar system source, suggesting an enhancement in r-process contribu-

tion to the cosmic ray source. The UH experiment on the Ariel-6 spacecraft

[Fowler et al., 1985] found a "Pb/Pt" ratio, 0.35 + 0.12, which is consistent
with our result.

As with the low observed Ge abundance, the low Pb abundance would be

consistent with a volatility dependence of the source fractionation, without

invoking a nonsolar system source abundance. However, here too Grevesse

and Meyer [1985] were stimulated by our cosmic ray measurement to reex-

amine the spectroscopic data on the photospheric abundance of Pb. They con-

clude that the best photospheric abundance for Pb is about 0.63 of the stan-

dard (C1 meteorite) abundance. If the "expected" solar system values in Figure

3 are multiplied by 0.63, then our observed value of this ratio is no longer
significantly lower than that expected from a solar system source. Thus the

observed Pb/Pt ratio would not require a significant enhancement of r-process
material.

Finally, we turn to the result on the heaviest elements, the actinides, Z>_90,

summarized in Figure 4. Prior to our HEAO-3 and the Ariel-6 experiments,

measurements with nuclear emulsions and plastic track detectors had indicated

that in the cosmic rays the ratio of actinides to elements in the "Pb/Pt" region

was at least an order of magnitude higher than in the solar system [Fowler

et al. 1977; Shirk and Price, 1978]. Since the actinides are produced only by

r-process nucleosynthesis, this actinide enrichment would have implied a very

significant enrichment of freshly synthesized r-process material in the cosmic

ray source.

The actinide abundances reported by Fowler et al. and by Shirk and Price
were questioned by Meyer [1979] who concluded from an examination of their

data that the evidence for such high abundances was not convincing. Resolu-
tion of these conflicting interpretations of the data did not come until the

HEAO-3 and Ariel-6 data had been analyzed and O'Sullivan [1985] had re-

evaluated the earlier balloon data. He concluded, in the light of new under-

standing of the temperature dependence of track registration in plastics, that
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the plastic track balloon data were consistent with an actinide abundance

substantially lower than that previously derived from those data.

By carefully examining all the high-charge events in our HEAO-3 data for

which a reasonably accurate charge could be assigned, we found just one event

which might be an actinide [Binns et al., 1982]. The assigned charge for this
event was 89, but the very short half-lives of all the elements in the interval

84_<Z_89, combined with the poor resolution of this data set, makes it more

probable that this was a nucleus of 9oTh or 92U. At the same time, we can-

not be certain that this single event was not in fact a 82Pb nucleus whose
charge was significantly overestimated. Together with this event we found

101 events with 74_Z_87, giving us an actinide to "Pt-Pb" ratio of about

1%, with an 84% confidence upper limit of 3%. The Ariel-6 result for the

same ratio, based on three "actinide candidates" and 65 in the "Pt-Pb" group

[Fowler et al., 1985] is 4.6% (+ 4.5 %/- 2.5%). With the very low actinide
statistics in these experiments, both the HEAO-3 and the Ariel-6 results are

consistent with a result formed by combining the two, 2.4% (+ 1.9%/ - 1.2%).

Since a cosmic ray source with solar system abundances gives about 1% for

the expected value of this ratio, the observations are not inconsistent with

such a solar system source. Although with the very low observed statistics

one cannot rule out a significant enhancement of r-process actinides in the

cosmic ray source, we can exclude the possibility that the cosmic rays consist

primarily of freshly synthesized r-process material.

3. DISCUSSION

The relative abundances of UH elements at the cosmic ray source appear to

be consistent with those expected from source abundances with a mix of

r-process and s-process nucleosynthesis similar to the solar system mix, pro-

vided one takes into account elemental fractionation dependent upon first
ionization potential, similar to the fractionation which has been observed for

elements with atomic numbers below 30. However, it is important to recognize
that limitations on statistics, particularly at the highest atomic numbers, mean

that we cannot exclude the possibility of factor-of-two differences between

the r-process/s-process ratio in the solar system and that in the cosmic ray
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source.Indeed,whenweconsiderthedifferences between the isotopic com-

position of Ne, Mg, and Si at the cosmic ray source and in the solar system

[Wiedenbeck, 1984] it would be surprising if the UH cosmic ray source com-

position did not have some differences of perhaps as much as a factor of two

from the solar system.

It had appeared that the cosmic ray abundances of Ge and Pb were low by

a factor of about two relative to nearby elements when our measurements

were compared with abundances expected from the standard compilations

of solar system abundances based on Cl meteorites. But this discrepancy disap-

peared when data on photospheric abundances were reexamined and the new

photospheric values were substituted for the Cl-meteorite values in the com-

pilation of solar system abundances.

The picture that emerges from these new observations of UH cosmic rays is

consistent with models of shock acceleration of cosmic rays in the interstellar

medium. In these models, the energy of the cosmic rays comes from super-

nova explosions, but the nuclei themselves come from the interstellar medium.

Since the solar system condensed out of interstellar medium, in these models

one expects the cosmic ray and solar system abundances to be similar, although

one might expect differences in detail owing to the differences in time and

place at which these two sets of abundances sample the interstellar medium.

Those detailed differences could be of great importance to our understand-

ing of the chemical evolution of the galaxy, but their study awaits future ex-
periments [Drach et al., 1985] with individual element resolution and much

larger collecting power.
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1. INTRODUCTION

In the few years following the launch of HEAO-C with its two large cosmic

ray experiments on board, we have seen significant progress made in our

understanding of the origin of energetic particles in the galaxy. This progress

was made with large, high resolution instruments above the atmosphere for

extended periods. It was Frank McDonald's foresight which led to the initia-

tion of the HEAO project and his energy which helped to lead it to a suc-
cessful conclusion. It is fitting that on the occasion of Frank's sixtieth birth-

day we should review our understanding of the problems associated with the
origin of cosmic rays, problems which have been so central to his scientific
interests and to the solution of which he has contributed so much. These con-

tributions have come not only through his own scientific work, but also through

his tireless efforts in promoting space flight opportunities and in the develop-

ment of new scientific talent. This is evidenced by the range of papers in this

volume, and by the impact of the HEAO satellites and their experiments on

the discipline of high energy astrophysics. In particular, the role played by

PRECEDING PAGE BLANK NOT F_NIED
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HEAO-3andtheDanish-Frenchexperimentin furtheringour understanding
of cosmic rays will be evident in this paper. C. J. Cesarsky introduced the

oral presentation of this paper as follows:

I started working on cosmic rays in 1969. By then, Frank McDonald

was already famous, and I was of course very intimidated to meet

him at my first colloquium, which was at Goddard in 1971. I was

surprised to find that this man was so unassuming and easy to talk

to. Over the years, with scientific meetings, and his frequent trips

to France where I had located, a friendship developed, based on
common interests: cosmic rays, space experiments, good food, and

art. So it is a great pleasure to be here on this occasion.

Heavy elements in the galactic cosmic rays were discovered almost forty years

ago now [Freier et al., 1948; Bradt and Peters, 1948], and a large number
of balloon and satellite observations have been made in the succeeding years.
It is rather remarkable that most of these observations can be understood in

the framework of a rather simple theory. It is based on the minimum assump-

tion that there is one type of source and one confinement region in which

particles are contained by one mechanism. It also assumes that all species,

namely electrons, protons, helium, and the heavier elements which we observe

are a consequence of the same processes. We will see that recent observations

are making this point of view more and more difficult to maintain. This should

come as no surprise. For the first time we have highly accurate data--in some

cases the principle errors are coming from uncertainties in cross-sections rather

than from the cosmic ray data itself. As the level of detail in our observa-

tions increases, in effect we are observing the phenomena in "higher and higher

resolution". In fact the remarkable thing is the large number of observations

which are understood from the perspective of this simple theory.

The Danish-French experiment on HEAO-3 has provided us with our first

detailed observations outside the Earth's magnetosphere of particles above

1 GeV/amu. These observations have shaken the simplest interpretations so

that we probably cannot even claim to know the spectrum which is produced

by the acceleration mechanism(s), much less to understand the mechanism(s).
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An accompanyingpaper[Binnset al., 1987,thisvolume]discussestheelemen-
tal andisotopicabundancesandwhattheycantell usaboutthemechanisms
for nucleogenesisof cosmicraysandthesitesin whichtheyresidebeforeac-
celeration.Muchnewhasbeenlearnedheretoo, but therearemanygaps.
Themechanismbywhichthegalaxyisableto concentratesomuchof itsenergy
resourcesin so few of its constituentsis the problemof the acceleration
mechanism.Thefuturewill seeit approachednot onlyby workingour way
backwardfromtheobservations,butalsobyworkingourwayforward from
whatweknow aboutthe sitesand mechanismsof nucleosynthesis.

Thispaperwill discussthe observationsandtheir interpretationin context
of thephysicalprocessesinvolved.Suggestionsfor futureobservationswhich
canbe usedto attemptto resolvethe outstandingquestionswill form the
conclusion.

2. GENERALBACKGROUND

Energeticparticlesareubiquitousin astrophysicalplasmas.Weseethemin
thesolarsystemasa resultof plasmaprocesseswherevertherearemotions
andmagneticfields.Theyareacceleratedin themagnetospheresof theEarth
and Jupiter.Theyareacceleratedby the Sunin magneticfieldsassociated
with solarflares.Weseesynchrotronradiationwhichtellsusthat electrons,
andby implicationnuclei,arebeingacceleratedin supernovaremnants,in
pulsarmagnetospheres,andin quasars.At thesametimeweobserveparticles
atEarthwhichareextremelyhomogeneousinspaceandtime,apparentlycom-
ing to us from the galaxyat large.

Historicallytherehavebeenanumberof ideasaboutthesite(s)in whichthe
accelerationof cosmicraystakesplace:in thegalacticmagneticfields,in super-
novaremnants,in pulsarmagnetospheres,etc.,but neitherthe sitenor the
accelerationmechanismis wellunderstood.Muchtheoreticalworkhasbeen
donerecentlyonshockaccelerationmechanisms,andexamplesof shockac-
celerationareknownto beatworkin thesolarsystemwheretheycanbestudied
in situ, but whetherthesemechanismscanoperateona scalesufficientto
accountfor thegalacticcosmicraysis still uncertain.Moretheoreticalwork
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is neededon the transportof particleson a galacticscale.The mechanism
mustbecontinuousoverat leastfive or sixordersof magnitude,from GeV
energiesto perhaps100or 1000TeV.

OntheotherhandobjectssuchasCygnusX-3areapparentlyproducingair
showersinitiatedby gammaraysof 1to 1000or moreTeV energy.There
is sufficientpoweravailablefrom this sourceto fill thegalaxywith cosmic
raysof 100TeVor more.Accretiondisksandbinarystellarsystemsmaybe
ableto accelerateparticlestoo. Any environmentinvolvingmagneticfields
andmotion is a candidate.It maybethat a numberof differentprocesses
accelerateparticleswhichbecomethe cosmicraysobservedat Earth.

At energiesof 100TeV andabovethecosmicrayair showersareisotropic
to a fewpartsin 10 4 as shown in Figure 1. This implies that the particles are

confined in a large column and that particles are not streaming past the solar

system at velocities more than a few tens of km/sec. From the radio con-

tinuum observations, we know that cosmic ray electrons are present over much

of the galaxy and extend beyond the galactic disk into a halo above and below

the disk. The radio map of NGC891, an edge on galaxy seen at 21 cm, is shown

in Figure 2 superposed on a photograph from the 200-inch telescope from

Allen, Baldwin, and Sancisi, 1978. This intensity profile is similar to that which
an extragalactic radio astronomer would see if observation were made of our

galaxy from a similar perspective. Cosmogenic nucleides in meteorites, nuclei

which have been transformed through the bombardment by energetic cosmic

ray nuclei during their exposure in space, can be used to estimate the average
flux of cosmic rays over their exposure history. This has been done over time

scales of 400, 9 x 105, and 10 9 years. These results say that, within a factor

of 2, the cosmic ray intensity has been constant over the last billion years.
There is some indication that it may have been a factor of two lower on the

10 9 year time scale, and periodic fluctuations of larger amplitude cannot be

ruled out. Most of the particles responsible were in the energy range .3 to
3 GeV/amu, so changes in the slope of the well-known observed power law

spectrum cannot be ruled out by these observations either.

These considerations led Ginzburg and Syrovatskii [1964] to posit that the

galaxy was filled with energetic particles accelerated within the galaxy which
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Figure 1. The observed anisotropy is shown as a function of energy. A Comp-

ton Getting anisotropy corresponding to a streaming velocity of 20 km/sec

is indicated as is the anisotropy which would be expected from a diffusion

coefficient varying as the square root ofrigidity [from Ormes, 1983, adapted

from Hillas, 1984].

diffuse throughout the galactic magnetic fields, thereby remaining trapped

for times which are long compared to their straight line travel times across

the galaxy. The low anisotropy led them to propose that the galaxy had a

halo of turbulent plasma and magnetic fields which acted as the containment

volume for cosmic rays. As a result, a steady-state picture arose in which cosmic

rays are produced at a given rate and are lost at a given rate, leaving the galaxy
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Figure 2. A radio continuum map of the edge on Spiral galaxy NGC891 from 
the Westerbork Synthesis Radio Telescope at 21.2 cm (1412 MHz) from Allen, 
Baldwin, and Sancisi, 1978. The contours are shown superposed on a 
photograph from the 200-inch Palomar telescope courtesy of Hale 
Observatories. 
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with a constantor nearlyconstantdensity(andintensity)of energeticpar-
ticlesoverits lifetime.This ledto thephenomenologicalmodelwe refer to
asthe "leaky-box" model:

Q + spallation -- escape + interaction + decay

where the steady injection of particles from sources and the spallation of

heavier nuclei to lighter ones is balanced by the loss of particles from the galaxy

or their loss due to interaction or decay.

a. The "Leaky-Box" Model

As cosmic ray nuclei spiral through interstellar space, they suffer inelastic
collisions with interstellar gas and the "primary" cosmic ray nuclei emitted

by sources break up into lighter "secondary" nuclei. The amount of interstellar

matter traversed by cosmic rays can be estimated by measuring the abundances

of species expected to be rare in the source abundance spectrum. The most

prominent of these are lithium, beryllium, and boron, created primarily by

the fragmentation of carbon and oxygen nuclei, and the nuclei with atomic

numbers 21 to 25, the so-called sub-iron nuclei.

At energies greater than a few GeV/amu, the effects of solar modulation and

of Coulomb interactions in the interstellar medium are negligible and the cross-

sections of the spallation reactions affecting the cosmic ray composition are

nearly energy-independent.

Assuming the interstellar gas consists only of hydrogen, and that the energy

is high enough (greater than - 10 GeV/amu) so ionization losses can be

neglected, the flux fi of a species i (where i is the atomic number) is simply

related to the source term Qi(cm-3s - l) and the mean escape length )_e(gcm-2)
through

f Qi f"
, _ + EtS.. _

kef f mn H i ,,j m

1 1 1 1

where Xeff Xi + _--e + P/_Cri

(1)
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ki are the nuclear destruction lengths for species i due to interactions on in-

terstellar material, r i is the decay lifetime for radioactive species (= oo for
stable nuclei), p is the mean density in the storage column, and 6.. is the

1,J

cross-section for producing nucleus i from nucleus j (ki decreases when i in-

creases, e.g., kHe = 17 g cm -2, kc = 7 g cm -2, XFe = 2.5 g cm-2).

For purely secondary species, such as the light elements lithium, beryllium,

and boron, Qi = 0 and the knowledge of the flux fi and of the nuclear cross-
sections involved is sufficient to determine the mean escape length k; it is

found to decrease as energy, or rigidity, increases: )k e O_ R -°'6-+°'1, as we will
detail later. [Juliusson, Meyer, and Muller, 1972; Smith et al., 1973; Ormes

and Protheroe, 1983; and Koch-Miramond et al., 1983]. (Rigidity is defined

as the momentum per unit charge: R--pc/eZ).

As discrepancies are found between this simple picture and data, additional

parameters are added to the phenomenological models to maintain agreement

and improve understanding. One of the more widely used of these is the nested

leaky-box model, really a two parameter leaky-box. In the original version

of the nested leaky-box model [Cowsik and Wilson, 1973; Meneguzzi, 1973],

cosmic rays are trapped both near their sources and at the boundaries of the

galaxy, with a finite probability of escape from each. The assumption made

by these authors is that k s, the pathlength traversed in the sources, but not
that near the galactic boundary, is rigidity-dependent. The composition and

the spectra of primaries and secondaries are essentially undistinguishable from

those obtained with the energy-dependent leaky-box model, but in this case

the galactic proton spectrum is identical to the injection spectrum, no matter

what form ks(R ) has.

In the leaky-box model, the distribution of pathlengths around the mean is

exponential. In contrast, the nested leaky-box model predicts a deficiency of

short pathlengths. At high energy (E>1.5 GeV/amu), results of the HEAO3-C2

experiment, together with earlier results, can be accounted for with an ex-

ponential distribution of pathlengths [Protheroe, Ormes, and Comstock, 1981;

Koch-Miramond et al., 1983]; however, lower energy data may require a trun-

cation of the path length distribution [Garcia-Munoz et al., 1984].
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b. CosmicRayDiffusion and InterstellarTurbulenceSpectrum

It canbeshownthat theleaky-boxmodelisequivalentto a diffusionmodel
with a halo, providedthe characteristicdimensionof thestoragevolumeis
significantlylargerthanthegalacticdiskwheretheparticlesarepresumably
accelerated.

In mostdiffusionmodels,theelementalcompositionof cosmicraysisdeter-
minedalmostexclusivelyby one parameter,Xe,relatedto the amountof
mattertraversedby the particlesbeforeescape;in general,X is inversely
proportionalto thediffusioncoefficient_:(inone-dimensionalmodels,or in
three-dimensionalmodelswith scalardiffusion)or to thecomponentof the
diffusiontensorperpendicularto thegalacticplane.Theconstantof propor-
tionality containsall the informationon thedistributionof thesourcesand
on theboundariesof the containmentregion.For instance,let usconsider
one-dimensionalmodels,wherethecosmicray sourcesareembeddedin the
gasdiskof uniform densitynoandof heighth; cosmicraysof velocityv dif-
fuseoutwardthrougha halo of heightH >> h [Ginzburg, Khazan, and

Ptuskin, 1980]. The diffusion coefficient _ is assumed (probably incorrectly)

to be constant in space. Then k: is related to the mean escape length X,
calculated with the leaky-box Formula (1) by:

= (noHhvm)/k _. (2)

In terms of diffusion models, variations of the elemental composition of cosmic

rays could be interpreted as implying that either _ or the size of the confine-

ment region varies with particle energy (rigidity).

The biggest uncertainty is what to assume for one size of the halo. Using H = 6

kpc and taking n = 0.5 atoms/cm 3 and Xe = 7 g/cm 2 (the value at about
1 GeV/amu) gives a diffusion coefficient _ = 1028 cm2/sec. Assuming that

the particle transport is diffusive, what is responsible for the interactions which

scatter the particles so effectively? Fermi [1949] has pointed out that moving

inhomogeneities with a scale larger than the particles gyroradius in the magnetic

field reflect particles of large pitch angle. This scattering process can lead to

both diffusion and acceleration of cosmic rays. But the Fermi acceleration
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mechanismhasdifficulties in satisfyingthe energyrequirementsand in ex-
plainingtheobservedabundancesof secondarynuclei.In the last tento fif-

teen years, the work on cosmic ray propagation has mostly concentrated on

another process: resonant scattering of cosmic rays by hydromagnetic waves

whose scales are comparable to their radius of gyration [Wentzel, 1974, and
references therein]. This scattering leads to cosmic ray diffusion along the

magnetic field lines; there is some energy exchange between cosmic rays and

the hydromagnetic waves, but only to higher order in VA/C, where v A =
(B24_-p*) '/2 - is the Alfven velocity, where p* is the density of ionized mat-
ter. The Alfven velocity is in the range of tens of km/sec.

Let us define F(k) as the energy density in hydromagnetic waves per logarithmic

bandwidth d(log k), relative to the ambient magnetic energy density (B2/8_-).

Then, in the framework of the quasi-linear theory (applicable if F << 1), the

diffusion coefficient along field lines of particles of rigidity R and velocity

v is given by:

4 v R/Bc R
(R) - , wherer = --- (3)

3r F(k=re-I ) e Bc

The spectrum of hydromagnetic turbulence F(k) in the interstellar medium
is extremely difficult to determine. Various methods exist that can lead to

estimates or upper limits of the density spectrum of irregularities in the distribu-

tion of thermal electrons. Presently available results have been compiled by
Armstrong, Cordes, and Rickett, [1981]. These authors conclude that the data

are consistent with a power law spectrum of fluctuations, with an index of

- 3.6 _+0.2. If the hydromagnetic wave spectrum had the same slope, this would

be equivalent to:

F(k) _ k -0'6-+0"2. (4)

A spectrum of this type may be the result of a cascade of turbulent energy

in the interstellar medium from long scales to successively shorter scales; the

turbulence at long scales is fed by cloud motions, which in turn are regenerated

by supernova explosions. Kraichnan [1965] has argued that a cascade in an

incompressible, weakly turbulent magnetized fluid, leads to a spectrum F(k)
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otk-°-s.Sucha cascade is energetically feasible in the hot phase (T - 106 K,

n - 10 -_ cm -3) of the interstellar medium. If F ot k -°-s there, then we see

from the Formula (3) that the cosmic ray diffusion coefficient is _ ct vR°'S;

this is very close to the dependence required to account for the observed varia-

tions of the ratio of secondary to primary nuclei with energy. Thus, the pres-

ent observations of elements heavier than He, at energies lower than - 1000

GeV/amu, are well accounted for by a model where cosmic rays are scattered

by resonant hydromagnetic waves related to the general interstellar turbulence

[Cesarsky, 1975, 1980].

All the models discussed in this section assume that the only energy changes
that cosmic rays undergo between production and detection are ionization

losses in the interstellar medium and adiabatic losses during solar modula-

tion. If cosmic rays are accelerated (or decelerated) by some additional

mechanism while propagating, secondary particles get transferred to higher
(lower) energies, and the secondary/primary profile as a function of energy

is altered [e.g., Fransson and Epstein, 1980; Silberberg et al., 1983; and Simon,

Heinrich, and Mathis, 1986]. The fact that the data at rigidities above a few

GV are well explained by a variety of models indicates that new discriminators
must be found to determine whether re-acceleration or deceleration is an im-

portant effect.

3. OBSERVATIONS OF COSMIC RAYS

With this theoretical picture in mind, let us turn to the observations made

at Earth on the cosmic rays themselves.

Calorimetric and emulsion chamber devices have now measured [Grigorov,

et al., 1971; Ryan, Ormes, and Balasubrahmanyan, 1972; and Burnett et al.,

1983] the proton spectrum up to 100 TeV directly, and find that it obeys a

power law dN/dE = kE -_ with ,y = 2.7 _+0.1. There is no evidence of, but

rather poor limits on, possible structure in the form of bumps, wiggles, or

bends in the spectrum. This data is summarized in Figure 3. The proton dif-

ferential spectrum does not appear to suffer any drastic change of slope be-
tween 10 and 10 6 GeV. The significance of these proton observations--the

most abundant species of cosmic ray--is that the lack of structure implies

201



I00 , i i = , i i i

o_ I0 DIFFUSION_ _,IHq, -

o.I ..... __-
// COMPTON-GETTING J.

i i_ I I I I I i

I012 I014 1016 1018 1020

ENERGY (eV)

Figure 3. Direct measurements of cosmic ray spectra between 10-106 GeV

as a function of total energy per nucleus. Measurements of the primary pro-

ton and hefium spectrum are shown. The total particle spectrum is also shown

[from Webber, 1983].

the mechanism(s) responsible for determining the shape of the proton spec-

trum is (are) continuous over this very large energy range.

In the leaky-box model, the mean confinement time of particles, z, is pro-
portional to Xe. Neglecting nuclear losses, the cosmic ray density f is related

to the source term Q through fi = Q%" Under the plausible assumption that

the source spectrum is a power law, %(R) must also be a power law at least
up to _ 10 6 GV. This is a severe constraint on acceleration and propagation

models as these two processes are presumably responsible for determining this
spectral shape.

Several balloon measurements of cosmic ray composition at energies up to

150 GeV/amu have shown that the ratio of secondary to primary abundances
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decreasesastheenergyincreases[Juliusson, Meyer, and Muller, 1972; Ormes

and Freier, 1978, and references therein]; also, the observed spectra of heavy
primary species are flatter than those of lighter ones. More recently, the French-

Danish spectrometer (C2) on the satellite HEAO-3 has provided extremely

accurate data on the cosmic ray elemental composition from boron to zinc

in the energy range 0.8-25 GeV/amu [Koch-Miramond, 1981].

Using these data, Formula (1) makes it possible to calculate Xe as a function
of R, at least in the context of the leaky-box model. K0ch-Miramond et al.

[1983] have corrected the low energy part of their data for the effects of solar

modulation, assuming a modulation parameter _ = 600 MV, which is ap-

propriate for the time in the solar cycle at which the measurements were made.

They find that, at R>5.5 GV, and escape length ke =22 R-°'6g/cm 2 of pure
hydrogen accounts for the secondaries of C, O, and Fe. Ormes and Protheroe

[1983] obtained a similar result. These analyses are limited by knowledge of
cross-sections rather than by statistical uncertainties.

Many of the cross-sections have now been (or are currently being) measured

and the resulting escape length is shown in Figure 4. Note its decrease with
increasing energy, implying that the higher the energy, the more easily par-

ticles can escape the storage region. We now have confirmation that this

decrease continues beyond a hundred GeV/amu. The data from the HEAO-C

ultraheavy experiment were presented recently [Jones et al., 1985]. This ex-

periment contained a complement of large area detectors designed to iden-

tify trans-iron nuclei. It had excellent statistics and could study nuclei heavier

than calcium. Taking advantage of the relativistic rise of signals in the ioniza-

tion chambers of their instrument, they obtained results on the abundances

of several elements from 10 GeV/amu up to an energy > 100 GeV/amu. Their

results are consistent with those of the French-Danish group in the range (10-25

GeV/amu) where both experiments apply; at higher energies, the HEAO3-C3

data indicate that the power law dependence with energy of the ratios (iron

secondaries/iron) derived by the HEAO3-C2 data extends to about 100

GeV/amu, or rigidities of about 200 GV.

Streitmatter et al. [1985] reported that the iron spectrum itself has a slope

of 2.65 in the energy range beyond 50 GeV/amu as expected in the leaky-box
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Figure 4. The mean escape length as a function of rigidity for a modulation

parameter 4_= 600 MV [from Koch-Miramond et al., 1983].

model. What happens at even higher energies, or rigidities, such as R > 1000

GV? The ratio of secondary to primary element abundances have not yet been

measured at such rigidities. Soon, results from the flight of the University

of Chicago's Spacelab 2 experiment [L'Heureux et al., 1985] should solidify

and extend these results. At still higher energies, in the decades on either side

of 1015 eV or 10 6 GV, the only method for learning about the spectrum and

composition is through ground-based air shower studies. Hillas [1981] reviewed

the situation of these energies a few years ago, and Linsley [1983] reviewed

it more recently. Alternative points of view have been discussed in recent papers
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by Balasubrahmanyan et al. [1987] and Streitmatter et al. [1985]. The situa-

tion is confusing. Some experiments indicate a gradual enrichment in the abun-

dances of heavy nuclei, others do not. Some experiments indicate a harden-
ing in the all particle spectrum above 1014 eV, others do not. New direct

measurements in this energy range are surely needed.

a. Radioactive Secondary Nuclei

Measurements of the abundances of unstable secondary nuclei, such as l°Be

(with a mean lifetime for decay at rest of rd = 2.2 × 106 yr), 26Al(rd ---- 0.85
X 10 6 yr), and 35C1 (r d = 0.45 x 106 yr), can bring some information on

the mean age of cosmic rays, and/or help to determine the mean density in

the storage volume, thus characterizing the different models.

In the framework of the leaky-box model, such measurements, combined with

the determination of )_efrom the elemental composition, permit us in prin-
ciple to estimate the mean escape time of cosmic rays and hence the mean
gas density in the box. However, because most measurements are done at low

energies, solar modulation again complicates the interpretation of the data.

Assuming that X is energy independent, and using their own estimates of
solar modulation effects, Wiedenbeck and Greiner [1980] deduce from their

satellite data on l°Be at 60-185 MeV/amu a confinement time of 8.4 (+ 4.0,

-2.4) Myr, and a mean density n H = 0.33 (+ 0.13, -0.11) cm -3. The mean
age from 26A1 is 9 (+ 20, --6.5) Myr [Wiedenbeck, 1983], and a6C1 leads to

a lower limit to this age of 1 Myr [Wiedenbeck, 1985]. Since, in the solar

neighborhood, the interstellar density (averaged over - 1 kpc in the disk)

is estimated at 1-2 cm -3, these results are generally interpreted as imply-
ing that galactic cosmic rays circulate in a low density halo which is at least

3 times thicker than the disk. However, they could also indicate that cosmic

rays are preferentially trapped in low density regions of the disk between the
clouds.

In diffusion models with a halo, radioactive isotopes formed in the disk often

decay while passing through the halo. In that case, the average confinement

time of particles in the galaxy may be much larger than the observed "mean
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age" [Ginzburg,Khazan,and Ptuskin, 1980].For instance,in the one-
dimensionalmodeldescribedearlier,theabundancesof secondaryradioac-
tive elementsof decayperiod z d are determined by two combinations of

parameters: (nj" d) and (H/h). In principle, observations of the energy
dependence of the abundance of isotopes of mean life at rest of - 10 6 years,

at energies > 1 GeV/amu, should help constrain these parameters [e.g., Cesar-

sky et al., 1981].

b. Electron Spectrum

According to several recent measurements, the electron spectrum is parallel

to the proton spectrum in the energy range 2-10 GeV; in this range, the elec-
tron flux amounts to - 1% of the proton flux. At higher energies > 50 GeV,

the spectrum steepens, but electrons are still present at least up to 2000 GeV

[Tang, 1984; Nishimura et al., 1980; Prince, 1979 and references therein].

A steepening of the high energy spectrum is expected, since the lifetime of
a 30 GeV electron against radiation losses in the interstellar medium is - 107

years.

The observed electron spectrum does not impose strong constraints on the

models proposed to explain the cosmic ray composition. It is important to
remember that the equations describing the behavior and the energy changes

of high energy electrons diffusing through the interstellar medium cannot be

approximated by results obtained using the leaky-box model. In diffusion
models, the distribution of the sources plays an important or even a predomi-

nant role. In addition, the injection spectrum of electrons is not known and

can generally be adjusted to ensure that a given model fits the data.

4. ORIGIN AND PROPAGATION OF DIFFERENT COSMIC RAY

SPECIES

a. Source Spectral Index, Composition and Energetics

After so many years of active research, there is not yet a firm answer to the
question: where do cosmic rays come from? The main problem is, of course,
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that the arrival directionbrings little or no information on the source.
Astrophysicists are then left with a less direct set of clues: spectrum, com-
position, energetics, anisotropy.

Observations must first be corrected for propagation effects; this is usually

done in the framework of the galactic leaky-box model. Once _'e is derived,
at various rigidities, by applying Formula (1) (or its equivalent, including ioniza-

tion losses, at energies < a few GeV/amu) to secondary species, it becomes

possible to derive the source abundances Qi by applying the same formula
to primary species. In this way, Engelmann et al. [1985] have derived source

spectra of primary species with Z > 5 from the HEAO3-C2 data. Assuming

H and He nuclei behave like the other species, the observed spectrum must

be divided by X(R) in order to correct for propagation. The source spectra
thus obtained are displayed in Figure 5. Data from other experiments are also

represented. In the range R__2 - 20 GV, Engelmann et al. [1985] found that

the spectra are generally steeper than previously thought. This leads to a rather

surprising conclusion that the source spectra of the heavy nuclei are steeper

(index 2.4) than those of the more abundant protons (index 2.1). Unfor-

tunately, this is based on an experiment which only covers a narrow band

of energy--the lower end of which may be complicated by solar modulation

effects--and the experiment itself may be subject to systematic effects at the

high energy end. Therefore, the results need confirmation. However, they are

suggestive that there may be more than one "source" or mechanism operating

to produce the locally observed cosmic rays.

The implications of this result have not yet been studied in full detail. Essen-

tially all of the published work on cosmic ray origin continues to assume that

protons and alpha particles originate and propagate as the other species, and

that the )_e derived from studies of heavy nuclei can be used to estimate the
energetics. For the local Kpc 2 in the galactic plane, cosmic ray energetics is

derived using the fact that, on the average, cosmic rays escape at a rate

c)_ ./)_, where _, . is the column density of matter across the galactic disk.
_.gm e gm

The energy requirement to maintain the cosmic ray pool is then - 1038
erg/Kpc 2 sec. (Alternative derivations, using the cosmic ray "age" derived

from secondary radioactive isotopes, yield similar results). If we retain the

same leaky-box model for all species, the results of Engelmann et al. [1985]
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Figure 5. Observed spectra compared with various source spectra. Proton and

possibly helium are consistent with source spectra with indices 2.1. Heavier

nuclei, on the other hand, may require steeper source spectra. [This figure

is from Engelmann et al., 1985. Original references can be found therein.]

imply that the local cosmic rays consist of two components: a flat compo-
nent, with source index - 2.1, and a steep component, with source index

2.4. At rigidities below - 100 GV, most of the nuclei heavier than He

would belong to the steep component, while at all energies the flat compo-
nent would be dominant in the proton flux.

The leaky-box formalism, as we have seen, accounts well for the observa-

tions relating to the steep component which is rich in heavy nuclei. But there

is no compelling reason to believe that the flat component, which is relatively
proton-rich, has the same history. The steep component may be just local,

and transient; the determinations of Xe and of age from radioactive isotopes
only relate to this component. But the proton-rich component is the only one

that counts when discussing energetics, constancy in time of the cosmic ray
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flux, and isotropy.Theabundancesof secondaryelementswith Z )>2, at
energies<(100GeV,maysimplynot be relevant when studying it!

Some light can be focused on this problem by refining the spectra of hydrogen

and helium, and studying carefully their secondaries 3He, D, and
antiprotons.

b. Antiprotons

The general picture of cosmic ray storage and propagation in the galactic

magnetic fields described above has been based largely on the abundances

of heavy nuclei. However, recent observation of the antiprotons has thrown

this unified picture into disarray.

Secondary antiprotons are generated in the inelastic collisions between high

energy nuclear cosmic rays and interstellar medium particles. The flux of galac-

tic antiprotons has been measured recently by Golden et al. [1979 and 1984],

by Bogomolov et al. [1979] and by Buffington, Schindler, and Pennypacker

[1981] at various energies (Figure 6). The data of Golden et al. seem to be
on solid ground and to be confirmed by the lower statistics observation of

Bogomolov et al. The low energy point of Buffington et al. is more startling

and unfortunately on less stable ground experimentally [Stephens, 1981].

Buffington, Schindler, and Pennypacker [1981] measured the flux of cosmic

ray antiprotons in the range 130-320 MeV, which corresponds after demodula-

tion to a mean interstellar energy of - 800 MeV. The data are compared

with the calculation based on the leaky-box model where antiprotons are as-
sumed to be secondaries produced by collisions of protons and heavier nuclei

with interstellar matter. The Buffington et al. point falls well below the

kinematic cutoff but indicates that there is a high flux of low energy antiprotons

present [Buffington and Schindler, 1981]. Even ignoring this data, the mean
target thickness to produce the intensity observed by Golden et al. must be

three or four times that of the heavier cosmic rays. This is discussed at length

in the paper by Balasubrahmanyan, Ormes, and Streitmatter (this volume)

where the various models which have been advanced as an explanation have

been presented. Combined with the finding that the source spectra of heavier
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Figure 6. The observed antiproton to proton flux ratios [Golden et al., 1984,

vertical bars; Bogomolov et al., 1979, open circle; and Buffington, Schindler,

and Pennypacker et al., 1981, solid circle] compared with the antiprotons pro-

duced by a shell of matter surrounding a strong shock acceleration region

[from Lagage and Cesarsky, 19851.

nuclei may be different from protons and helium, these data may indicate

that the origin of the protons and/or their history after acceleration is dif-

ferent from that of heavier nuclei.

It may be that this unexpectedly high abundance of antiprotons is an addi-

tional indication that the history of all cosmic rays does not follow from the

abundances of secondary nuclei alone. Golden et. al. [1984], showed that within
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the framework of an energy independent leaky-box model (source spectral

index = 2.6), 21g/cm 2 of material is required. Alternately, Lagage and

Cesarsky [1985] showed that the high energy observations of antiprotons could

be accounted for if all cosmic ray protons had a source spectrum of index
2.1 and traversed 7g/cm 2 in their sources before escaping into the galaxy, or

if a fraction x of the cosmic rays traversed a slab of width X at the source,

with xX = 7g/cm 2 [Lagage and Cesarsky, 1985]. (This 7g/cm 2 is energy-

independent and should not be confused with the 7g/cm 2 traversed by heavy

nuclei at 1 GeV/nucleon.) As noted by these authors, a problem with this
"thick-source" model is that, in addition to the antiprotons, neutral pions

are produced, which decay into gamma rays. The total galactic gamma ray

flux predicted by this model exceeds that observed by COS-B by a factor - 3.

If protons have a different history from heavier nuclei, what about helium

nuclei? There are data from a balloon experiment indicating that at high energy

the helium nuclei may have traversed a target intermediate between that of

protons (21g/cm 2) and heavier nuclei (7g/cm2). This result [Jordan and

Meyer, 1984] is sensitive to the assumed shape of the helium spectrum and
remains controversial. Further data on the 3He and deuterium abundances

at high energy are needed to resolve this issue: is the matter traversed a con-

tinuous function of atomic number, or is there a discrete difference between

protons and all heavier nuclei? If the latter, to which camp do the helium

abundances belong?

c. Anisotropy

We have been taking the point of view that abundances of the elements are

indicative of cosmic ray propagation. An alternative point of view has been

taken by Hillas [1984], who uses the anisotropy as the main indicator on the

propagation. This can only be done at energies above a few 100 GeV, since
at lower energies the trajectories of the cosmic rays are perturbed by the solar

wind. Hillas notes that, at energies > 103 GeV, the amplitude of the first har-

monic of the cosmic ray anisotropy is, very roughly proportional to the prod-

uct (cosmic ray differential flux. E 2-47) (reference Figure 1). Now, if _ is the

confinement time, the anisotropy is expected to be - t/r, where t is the time
for escape in a straight line. Hillas proposes a simple interpretation of Figure

1: that the source spectrum is a power law of index 2.47 over the whole energy
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range,andthat all the featuresin the spectrumaredueto propagationef-
fects.At 103GeV,theamplitudeof intensityvariationis of - 0.06%.If the
boundaryof thecosmicrayconfinementregionis at y kpcs,re(103GeV) __
5y Myr. Since the spectrum of protons does not appear to change significantly

between 5 and 10 3 GeV (see Figure 3), the mean age at 5 GeV would be -

(1000/5)2"7-2"47 "/'e (103 GeV)__17 Myr (where 2.7 is the observed index of the
proton spectrum at these energies). This is comparable to the age derived from

radioactive secondary isotopes, so the global energetics of galactic cosmic rays

is not very much changed in this picture.

d. Cosmic Ray Sources

We summarize by listing the requirements on cosmic ray sources.

i) Energetics: the order of magnitude of the power required to replenish
cosmic rays "within" a cylinder of base 1 Kpc 2 within the galactic disk,

of height 1 to - several Kpc, is - 1038 ergs/sec.

ii) Source spectrum: most probably a power law, at least in the range from
a few GeV/amu to - 10 6 GeV/amu, perhaps up to 10a or even 10 9 GeV!

Spectral index: 2.17 2.4? or 2.7? Or somewhere in this range.

iii) Source composition: well determined now, for most elements, in the

GeV/amu range. May give clues to the origin of the cosmic radiation or

at least, as we have seen, to a component of it.

Within a radius of 3 kpc from the Sun, the average energy input from super-

novae is estimated to be - 10 39 erg s -1 kpc-2; supernovae are widely be-

lie_,ed to be the main accelerators of cosmic rays. Stellar winds expend -

103a erg s-1 kpc-2 in the interstellar medium, and they may also contribute

to cosmic ray acceleration. [Cesarsky and Montmerle, 1983]. Composition

arguments have often been invoked to eliminate pulsars as a candidate source,

but the debate on the role of pulsars in cosmic ray acceleration is not closed.
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5. ACCELERATION MECHANISM

We require(probably)an accelerationmechanismcapableof producinga
powerlaw spectrum.

a. FermiAcceleration

Thebasicconceptof accelerationof particlesviaencounterswith "moving
magneticwalls" wasintroducedby Fermiasearlyas1949.Fastparticlesof
velocityv that encountermagneticwallsareseparatedby a meandistance
moving at a velocityV. The walls reflect the particlesand enhancetheir
energies.

dE 2V 2
- E = oeE (4)

dt cX

This process has enjoyed an enduring popularity among astrophysicists because

it predicts that the energy spectrum of the colliding particles should be a power
1 ), where r is the mean time spent by a par-law: N(E) a E -v, 7 = (I- _---_ e

ticle in the accelerating region.

b. Particle Acceleration by Parallel Shocks in a Scattering Medium

This attractive mechanism must have been in the air several years ago, as it

has been discovered simultaneously by astrophysicists all over the world [Krim-

sky, 1977; Axford, Leer, and Skadron, 1977; Blandford and Ostriker, 1978;

and Bell, 1978]. This is somewhat surprising, as the tools used in the various
derivations, and the motivation, have been around for a much longer time.

Let us consider a strong shock, propagating at a velocity V in the direction

of the magnetic field lines. We assume that V = vA, where v k is the Alfv6n

velocity. In the shock frame, the gas is flowing in at a velocity u 1 = V. At
the shock, the gas is compressed by a factor r, so that the velocity downstream,

relative to the shock, is u 2 = V/r.

The presence of scattering centers of cosmic rays is postulated, so that cosmic

rays diffuse on both sides of the shock; the diffusion coefficient is, in general,
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a functionof space,particlemomentum,andtime. In anycase,thescatter-
ingcentersactascosmicraytraps,ensuringthattheparticleswill bereflected
backandforth acrosstheshockalargenumberof times.Everypassagethrough
theshockisequivalentto runninghead-onintoa "magneticwall" of velocity
V = uI - u2 = V(1 - I/r); averagedoverall incidenceangles,thereis a
meanenergygainper traversalof the shockgivenby

AE = (4/3) (V/c) (1-1/r)E (5)

Taking proper account of the probability of particles escaping the system leads

to the time-independent spectrum:

N(E) c_ E -x, # = (2+ r)/(r-1) (6)

For strong adiabatic shocks, r = 4 and u = 2. Weaker shocks generate steeper

spectra.

The remarkable property of this mechanism is that, in the time-independent
limit, the slope of the power law it generates depends only on the shock

strength, and not at all on the diffusion coefficient (assumed "small enough")

or the dimensions of the scattering region (assumed "large enough").

The study of shock acceleration of cosmic rays is now an active area of

research. A fundamental review of the subject has been written by Drury

[1983]. A detailed application of the mechanism to the acceleration of galac-

tic cosmic rays is given in Blandford and Ostriker [1980]; see also Axford

[19811.

Many aspects of this mechanism have been studied since, and it is impossible

to review this rich field here. Let us just emphasize some of the main prob-
lem areas:

i) This problem has always been treated in the framework of the quasi-

linear theory, which assumes that the turbulent energy in the hydrodynamic

waves acting as particle scatterers is much less than the energy density of

the magnetic field. However, the anisotropies induced by supernova shocks

in the pre-existing population of galactic cosmic rays are sufficient to render
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thesewavesextremelyunstable;thewaveamplitudespredicted by the qausi-

linear theory are too high to be fully consistent with this theory.

ii) If cosmic rays extract so much energy from the shock, their pressure

can become the dominant one. For instance, this will inevitably occur if

cosmic rays are getting accelerated by a strong shock, to a spectrum E -2,

for a sufficiently long time. Even if the shock is not so strong (r < 4), the

cosmic ray pressure can become dominant if the rate of injection of par-

ticles in the system is sufficiently rapid. The expectation is that, eventually,

the cosmic rays broaden the shock, making it a less efficient particle ac-

celerator. If the shock becomes wider than the particle mean free path )_,

all particles of a given energy obtain the same amount of adiabatic accelera-

tion as they cross the shock region. Ellison and Eichler [1985] have studied

these problems and find that this mechanism still produces a universal spec-

trum which is very similar to a power law of index - 2. The efficiency

of cosmic ray acceleration by this mechanism is very high, of order 25%.

iii) An important problem of the theories of shock wave acceleration is
that the maximum energy that can be attained is limited, either by the lifetime

of the shock itself or by its curvature radius. This problem was treated in

detail by Lagage and Cesarsky [1983, 1985]. In the case of supernova shocks,

the limiting factor is the shock lifetime; under most optimistic assumptions,

the maximum energy Em=, for particles of charge Z, is only - 105
Z(B/10 -6 gauss) GeV, where B is the strength of the magnetic field in the

most diffuse phase of the interstellar medium.

This result holds whether the shock is linear or cosmic ray dominated. Tak-

ing into account the nonlinearity introduced by the fact that, upstream, the

Alfven waves are generated by the cosmic rays, so that the diffusion coeffi-

cient is space- and time-dependent, Em_x is limited to values which may be
as low as 2000 Z (B/10 -6 gauss) GeV. Invoking supernova shocks pro-

pagating in the galactic halo does not alleviate the problem [Lagage and Cesar-

sky, 1987].

The possible acceleration of high energy cosmic rays by stellar wind terminal

shocks is still controversial. If shock acceleration is operating there over long

times, stellar winds have the advantage that the shock is a standing shock,
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whichremainsstrongfor longertimesthansupernovashocks.Themaximum
energyis thendeterminedby the shockcurvature,andthe strengthof the
magneticfield:Emax - 5.105Z(B/10-SG)(D/5 pc)GeV,whereD is theshock
radius.In a recentpaperKazanasandEllison [1986]attemptto modelthe
binaryX-raysourceCygnusX-3,whichmaybeemittingultrahighenergygam-
marays[SamorskiandStamm,1983;Lloyd-Evansetal., 1983;Watson,1985
andreferencestherein],andthusbea sourceof cosmicraysof energyup to
107-108GeV.Assumingthe presenceof a collisionless,sphericalaccretion
shockaroundthe compactobject in CygnusX-3, and assumingthat the
magneticfield strengthis in equipartitionwith the accretionflow, Kazanas
andEllisonarguethat protonsof energyashighas7.106GeVmaybe ac-
celeratedby the shockin this system.

Whiletheseproblemsareseriousandarebeingworkedtheoretically,it isclear
thatshocksin theinterstellarmediumdoaccelerateparticles.Shockaccelera-
tion remainsthemostpromisingmechanismfor producingthepowerlawspec-
tra observedin thegalacticcosmicrays,at leastin theenergyrangefrom 1
to 106GeV.

6. SUMMARY

Thestudyof systematictrendsin elementalabundancesis importantfor un-
folding thenuclearand/or atomiceffectsthat shouldgoverntheshapingof
sourceabundancesandinconstrainingtheparametersof cosmicrayaccelera-
tion models[for reviewsseeCasse,1984;Simpson,1983].Theseissueswere
discussedin therapporteurpaperby J. P. Meyer[1985].Theisotopiccom-
positionand elementalabundancesof trans-ironnucleihavemuchto con-
tributeaboutthenucleosynthesis,sites,andtimescalesfor theoriginof cosmic
rays. [SeeBinnset al., 1987,this volume.]

In principle,wecanalsolearnmuchabout the large-scaledistributionsof
cosmicraysin thegalaxyfrom all-skygammaraysurveyssuchasCOS-B and

SAS-2. Gamma ray intensities are proportional to the line integral along the

line of sight of the product of the cosmic ray flux and the matter density.
However, because of the uncertainties in the matter distribution which come

from the inability to measure the abundance of molecular hydrogen, the results
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aresomewhatcontroversial.A debateexistsasto whetherona scaleof 0.5
to 1kpctherearemorecosmicrayswherethereis morematter. [See paper

by Fichtel, 1987, this volume.] Questions exist about whether the cosmic ray

intensity falls off in the outer galaxy or remains about the same. Because
around 100 MeV there are almost as many gamma rays from the

bremsstrahlung process as from _r° decay, resolution of these issues will await

the improved energetic gamma ray experiment telescope (EGRET) on GRO.

Very high energy ground-based cosmic ray telescopes will help in understand-

ing the role that sources like Cygnus X-3 play in accelerating cosmic rays.

High resolution radio observations of external galaxies [e.g., Duric et al., 1986]

may provide clues about the role of shocks and spiral density waves in parti-
cle acceleration.

As we have seen, the leaky-box model accounts for a surprising amount of

the data on heavy nuclei. However, a growing body of data indicates that

this simple picture may have to be abandoned in favor of more complex models

which contain additional parameters. For example, an energy-dependent

modification of the exponential path length distribution, natural to the sim-

ple leaky-box model, has long been invoked to explain differences between

the escape length derived from sub-iron secondaries and the Li, Be, and B

components [Guzik et al., 1985]. The shape of the high energy electron spec-

trum led Tang and Muller [1983] to favor the nested leaky-box model. The

spectral differences at the source and the antiproton observations lead us to

postulate a separate origin for protons and heavier nuclei. Acceleration by

weak shocks may lead to a reinterpretation of the observed element ratios

in terms of material traversed. Observations of anisotropy, the consistency

of the flux in time, and the gamma ray distribution tell us primarily about

properties of protons, and nothing about those same quantities for heavier

nuclei. Age measurements have been made for low energy nuclei and possibly

for electrons, but their interpretations are model-dependent. In short, the obser-

vations still leave us in some confusion and greatly in need of further
observations.

Future experiments on the Spacelab and Space Station will hopefully be made

of the spectra of individual nuclei at high energy. Antiprotons must be studied

in the background free environment above the atmosphere with much higher
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reliabilityandprecision(theworld's observed antiprotons number of order

60) to obtain spectral information.

Isotopic composition needs to be measured over more elements and over an

extended energy range. Ultraheavy abundances beyond tin in the periodic table
must be measured with single element resolution and the abundances of ac-

tinides determined.

The future for these observations includes the Heavy Nuclei Collector cur-

rently being constructed for an exposure on NASA's Long Duration Exposure

Facility and the Particle Astrophysics Superconducting Magnet Facility (Astro-

mag) being planned for NASA's Space Station. The Gamma Ray Observatory
is scheduled for launch in 1990. If all these plans are brought to fruition, the

next two decades should see tremendous progress made in unraveling the pro-

blem of the origin of cosmic rays.
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HIGH ENERGY GAMMA RAY ASTRONOMY

Carl E. Fichtel

Laboratory for High Energy Astrophysics

Goddard Space Flight Center

Greenbelt, Maryland 20771

ABSTRACT

High energy gamma ray astronomy has evolved with the space age.

Nonexistent twenty-five years ago, there is now a general sketch

of the gamma ray sky which should develop into a detailed picture

with the results expected to be forthcoming over the next decade.

The galactic plane is the dominant feature of the gamma ray sky,

the longitudinal and latitudinal distribution being generally cor-

related with galactic structural features including the spiral arms.
Two molecular clouds have already been seen. Two of the three

strongest gamma ray sources are pulsars. The Vela pulsar, PSR

0833-45, exhibits two pulses in the gamma ray region, as opposed
to one in the radio region, neither of them in phase with the radio

pulse. The other of the strongest gamma ray sources is that at

L -- 195, b -- + 5); it had no obvious counterpart at other wave-

lengths when it was found and correlation at other wavelengths is

still uncertain. The highly variable X-ray source Cygnus X-3 was

seen at one time, but not another in the 100 MeV region, and it

has also been observed at very high energies (_1011 eV). Beyond
our galaxy, there is seen a diffuse radiation, whose origin remains

uncertain, as well as at least one quasar, 3C 273. Looking to the

future, the satellite opportunities for high energy gamma ray astron-

omy in the near term are the GAMMA-I planned to be launched

in late 1987 and the Gamma Ray Observatory, scheduled for launch

in 1990. The Gamma Ray Observatory will carry a total of four

instruments covering the entire energy range from 3 x 10 4 eV to
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3 x 101° eV with over an order of magnitude increase in sensitivity

relative to previous satellite instruments. On the ground, there is

the possibility of much more sensitive measurements above 10n eV

than exist now. In the more distant future, the NASA Space Sta-

tion should provide opportunities to fly quite large gamma ray in-

struments which might be refurbished or reconfigured in space.

1. INTRODUCTION

Gamma ray astronomy is truly a recent, space age addition to the field of

astronomy. When Frank McDonald joined Goddard Space Flight Center in

1959, gamma ray astronomy consisted largely of theoretical papers describ-

ing its important scientific potential. Motivated in part by these articles, which

were in some cases quantitatively rather optimistic about intensities, scien-

tists began to develop instruments to detect celestial gamma rays first to be

flown on high altitude balloons and later satellites. At the moment, the prom-

ised rich potential of gamma ray astronomy is beginning to be realized in the

exploration of several aspects of astrophysics, and, if the missions planned
for the next several years come into being, their results, in combination with

those from other frequency ranges of astronomy, will almost certainly pro-

vide us with new concepts of the evolution and nature of the universe.

What the theorists realized approximately three decades ago was that, as the

energies of the individual gamma ray photons suggest, gamma ray astronomy
relates very directly to the most energetic processes in the universe ranging

from the scale of individual particle acceleration and interaction through the

formative processes in the galaxy and stellar explosions, to the largest ensembles

imaginable. The nucleonic galactic cosmic rays reveal themselves through the

high energy gamma rays emitted by the 7r° mesons which are formed in nuclear

interactions between cosmic rays and interstellar matter throughout the galaxy.

High energy cosmic ray electrons reveal themselves through interactions with

matter and photons. The region around a black hole is predicted to emit

characteristic gamma rays, and the death of a black hole should reveal itself

with the emission of a very specific type of high energy gamma ray burst.
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Matter-antimatterannihilationproducesanothercharacteristictypeof gam-
marayspectrum.Neutronstarpulsarshavealreadybeenseenin thegamma
ray frequency,ashasat leastonequasar.

In additionto its valuein relationto the physicalprocessesof theuniverse
to whichit speaks,gammarayastronomyhastheveryattractivefeaturethat
theuniverseis largelytransparentto gammarays.Theycanreachthesolar
systemfromthegalacticcenter,distantpartsof theuniverse,anddenseregions
nearthecentersof activegalaxies--regionswhichcannotbeviewedin the
opticalor lowenergyX-rayregion,since,incontrastto opticalphotonswhich
penetrateeasilythroughthe Earth'satmosphere,onlythe total amountof
matterand not its form is relevantfor gammaray interactions.A specific
illustrationof thepenetratingpowerof thisradiationisthefollowing.A high
energygammaray passingthroughthediameterof thecentralplaneof the
galacticdiskhasaboutaonepercentchanceof interactingfor atypicalpath.
Bycontrast,anopticalphotoncanonlypenetrateaboutone-tenththedistance
from thegalacticcenterto the Earth in thecentralplaneof the disk. This
remarkablewindowextendsfrom afewtimes10 7 eV, below which it begins

to close slowly as the energy decreases so that as the X-ray region is reached

the center of the galaxy is quite opaque, to 1015 eV, at which point there

begins a one to two decade region in energy wherein gamma ray interactions

with the blackbody radiation are important.

In spite of its importance, gamma ray astronomy is the last major wavelength

range to yield its wealth of information. This relatively late development is

the result of a combination of factors including the need to place gamma ray

telescopes above the Earth's atmosphere, the requirement to develop rather

complex instruments, and the relatively low intensity of gamma ray photons

particularly in relation to the charged particle cosmic ray intensity. It is worth

noting that even though the photon intensity is low, the energy emitted in

the gamma ray range may be, and in several cases is, quite high because each

photon carries a large energy, and the gamma ray frequency range is very
broad.

The first certain detection of high energy celestial gamma rays was made with

the gamma ray telescope flown on the third Orbiting Solar Observatory
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(OSO-3)byClark,Garmire,andKrqushaar[1968],whoobservedgammarays
with energiesabove0.5 × 108eVfrom thegalacticdisk,with apeakinten-
sity towardthegalacticcenter.Thegalacticcenteremissionwasconfirmed,
anditsnarrowwidthmeasuredwitha largeballoon-bornegammaraytelescope
flown in 1969[KniffenandFichtel,1970].About thissametime,therewere
severalreportsof ahighenergypulsedflux from theCrabin phasewith the
radio pulsar [Browning,Ramsden,and Wright, 1971;Albats et al., 1972;
Parlieretal., 1973;McBreenetal., 1973;HelmkenandHoffman, 1973;and
Kinzer,Share,andSeeman,1973],aswellasthefirst hintsof veryhighenergy
(--1012 eV) gamma rays [Grindlay, 1972; Fazio et al., 1972].

On November 15, 1972, a gamma ray telescope with approximately 12 times

the sensitivity of the OSO-3 instrument and angular resolution of one to two

degrees was launched on the second Small Astronomy Satellite (SAS-2). This

instrument provided results which led to a much better picture of the high

energy (E>35 MeV) gamma ray sky including fair detail on the galactic plane

[e.g., Fichtel et al., 1975; Bignami et al., 1979] and energy spectral and isotropy

measurements on the diffuse extragalactic high energy gamma radiation [Fichtel

et al., 1977]. Another gamma ray instrument (E>50 MeV) with approximately

equal sensitivity and angular resolution carried by the Cosmic Ray Satellite

(COS-B), was launched on August 8, 1975, and provided information which

further expanded our knowledge [e.g., Mayer-Hasselwander et al., 1980 and

1982], including the first detection of a quasar in gamma rays. These data
were supplemented in the medium energy range by instruments carried on

high altitude balloons [e.g., Agrinier et al., 1981; Graser and Schonfelder,
1982; and Bertsch and Kniffen, 1983].

These data showed the rich character of the galactic plane diffuse emission

with its potential for the study of the forces of change in the galaxy, the study

of the origin and expansion of the cosmic ray gas and the study of the galac-

tic structure. When examined in detail the longitudinal and latitudinal distribu-

tion appear generally correlated with galactic structural features, including

spiral arm segments. Two molecular clouds have already been seen. With the

observations of discrete sources, some of which are associated with super-
novae and pulsars and others apparently not correlated with radiation at other

wavelengths, point-source gamma ray astronomy has also begun. The Crab

nebula exhibits both continuum and double-pulsed radiation with both pulses

230



inphasewith theradiopulsar,PSR0531 + 21. The Vela pulsar, PSR 0833 - 45,

on the other hand has two pulses in the gamma ray region, as opposed to

one in the radio region, neither of them in phase with the radio pulse [Thomp-

son et al., 1975 and 1977a; Bennett et al., 1977; and Kanbach et al., 1980].
One of the two strongest gamma ray sources (1 = 195, b = + 5) yet observed

[Thompson et al., 1977b; Swanenburg et al., 1981] had no obvious counter-

part at other wavelengths at the time of its discovery by SAS-2. The highly

variable X-ray source Cygnum X-3 was seen by SAS-2 [Lamb et al., 1977],
but not COS-B.

In the very high energy (> 1011 eV) region of the gamma ray spectrum,

ground-based Cherenkov light reflector telescopes have evidence now of gam-

ma ray emission not only from the Crab Pulsar PSR 0531 + 21, but also from

the Vela Pulsar PSR 0833-45, Cygnus X-3, Centaurus-A, and possibly other

sources. [For a summary, see, for example, Grindlay, 1982 or Weekes, 1983.]

The implications with regard to the sources of these extremely energetic photons

are obviously impressive.

In this paper, the current status of galactic extragalactic gamma ray astronomy

will be summarized. Subjects of the lower end of the gamma ray spectrum

which are covered elsewhere in this book, namely gamma ray spectroscopy

and bursts, will not be emphasized. Finally, a short description of forthcom-

ing gamma ray missions will be presented including the envisioned scientific

significance of the data they should obtain.

2. GALACTIC GAMMA RADIATION

As noted in the introduction, the gamma ray sky is dominated by radiation

from the galactic plane, which is generally assumed to be the sum of diffuse

radiation and unresolved point sources. The diffuse radiation was well an-

ticipated. As early as 1952, Hayakawa [1952] noted the effect of meson-

producing nuclear interactions between cosmic rays and interstellar gas. In

the same year Hutchinson [1952] discussed the production of bremsstrahlung
radiation by cosmic rays. Even earlier, Feenberg and Primakoff [1948] ex-

amined the astrophysics significance of the Compton effect in regard to cosmic

ray electrons. The study of the diffuse radiation and its implications for our
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galaxyis complicatedby the fact that the point sourcecontributionfor the
mostpartappearsdiffuseto thehighenergygammaraysatelliteinstruments
that haveflown thusfar becausetheangularresolutionof theseinstruments
for individualphotonshasbeenonlyoneto a fewdegrees,orpoorer,depend-
ing onenergy.It is difficult to estimatethepoint sourcecontributionsince
solittle isknownaboutthemwith only afewhavingbeenclearlyidentified.
Severalfactors,however,suggestthat pointsourcesmaynotbeamajorcon-
tributor [e.g.,Cesarsky,1980].Theseincludethe uniformity of theenergy
spectrumof the observedgalacticradiationovertheplaneandits distribu-
tion beingaboutwhat is expectedfrom cosmicray interactions.Eventhe
earliestSAS-2galacticgammaray results[Kniffen et al., 1973]showedthe
generalcorrelationof thegammaradiationwithgalacticstructure,andsubse-
quentworkhasshownit in greaterdetail,evenquantitativelyaswill beshown
in this section.Thisdiffusegammaradiationof cosmicray origin will now
bediscussedfollowedby a summaryof thecurrentstatusof theknowledge
of point sources.

A. CosmicRay Interactionswith GalacticMatter and Photons

Of theproductsformedin cosmicraynucleoninteractionswith matter,the
onesof mostimmediateinterestto highenergygammaraysarethemesons,
andamongthesearethemostcommonlyproducedones,namelythea-mesons.
Manyof theothermesonsand hyperonsalsodecayrapidly into _-mesons.
Thecharged7rmesonsdecayintoneutrinosandelectronsaddingto thecosmic
rayelectronsalreadypresentwhichalsointeractto producegammarays.The
7r° mesons,however,decayinto two gammarayswhichhaveequalenergy
in therestframe.With acollectionof 7r°'sof variousenergies,agammaray
energyspectrumresultswithamaximumatapproximately68MeVandacurve
which is symmetricwhenplotted as a function of In E.r The spectrum
predicted for cosmic ray interactions with interstellar matter has nearly this

shape being primarily slightly broader due to the minor components. For a

further discussion of this interaction process and the ones about to be discussed,

see Fichtel and Trombka [1981] and the references therein.

As the high energy cosmic ray electron primaries and secondaries interact with

galactic matter, they produce gamma rays through bremsstrahlung. These gam-

ma rays have a spectrum which reflects that of the electrons being approx-
imately a power law.
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Cosmicrayelectronsalsointeract with starlight photons, for which both the

optical and infrared ranges are important, and with the blackbody radiation

to produce Compton gamma rays. The source functions of these interactions

are very much smaller in the galactic plane in the vicinity of the solar system.

The total contribution to the galactic gamma radiation, however, is not com-

pletely negligible because the cosmic ray and stellar photon scale heights above

the galactic plane are much greater than those of the matter and, of course,

the blackbody photon density is uniform. Hence, the integral intensity along

a line of sight is closer to that of the bremsstrahlung than the source func-
tions would imply.

As an example of the spectrum which results from these three interaction pro-

cesses, the calculated energy spectrum of the galactic gamma radiation for
a region near the galactic center taken from the work of Fichtel and Kniffen

[1984] is shown in Figure 1 and compared to data. The spectral shape elsewhere

in the galactic plane is nearly the same with only minor variations resulting

from small differences in the relative number of secondary electrons and the

relative contribution of the Compton electrons. The agreement between theory

and observation on the shape of the spectrum adds to the factors mentioned
earlier for there at least being good reasons for believing that the majority

of the measured apparently diffuse radiation is probably the result of cosmic

ray interactions.

1. Large Scale Diffuse Galactic Features

High energy gamma rays provide us the best known opportunity to deter-

mine the cosmic ray density distribution in the galaxy in general, in terms

of spiral arms, and in association with molecular clouds. Thereby, they can

ultimately contribute to our understanding of the dynamical effects in our
galaxy in an important way. However, it is first necessary to have a good

understanding of the galactic matter distribution, which at present is not as

well-defined as one would like. It is, therefore, worth reviewing this subject

to locate wherein the primary difficulty lies, since, as will be seen, it is an

important factor in the current uncertainty in the large scale cosmic ray den-

sity distribution.
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Figure 1. Energy spectrum of the galactic gamma radiation for a region near

the galactic center. The calculated spectra are based on the work of Fichtel

and Kniffen [1984]. The dot-dash curve includes an estimated correction for

the increased energy loss by electrons in the inner galaxy. The 300-5000 Me V
point of COS-B [Mayer-Hasselwander et al., 1982], which covers a large range

in energy, is plotted at an energy where the differential energy spectrum of

the equivalent power law spectrum is equal to the integral intensity divided

by the energy interval width. The Compton component shown as a lightly

dashed line is seen to be small and is somewhat uncertain. [This figure is from

Fichtel and Kniffen, 1984.]
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For theproblembeingconsideredhere,the relevantconcernis the galactic
diffusematterin the form of atoms,molecules,ions,anddust. Thelatter
two arebelievedto beminor constituentsand,hence,unimportantfor gam-
marayproductionthroughcosmicray interactions.Hydrogenis theprimary
componentof boththeatomicandmolecularmatter.Heliumandheavynuclei
addabout55%moreto thegammarayproduction.It isassumedtheselatter
nucleihavea distributionin thegalaxysimilar to hydrogen,althoughlittle
is knownaboutthem.Both atomicandmolecularhydrogenareknownto
beconfinedto anarrowdiskwiththemolecularhydrogendistributiongenerally
havingasmallerscaleheight[e.g., Gordon and Burton, 1976; Solomon and

Sanders, 1980].

The neutral atomic hydrogen density distribution as revealed by the 21 cm

emission is reasonably well-known; however, even it remains somewhat uncer-

tain in the inner galactic regions because of uncertainty in the absorption cor-

rection. Recent work [e.g., Dickey et al., 1982; Thaddeus, 1982] suggests that

the absorption had previously been somewhat underestimated and that the

density in the region of 3-5 kpc from the galactic center is probably greater

than previously estimated. The density distribution of molecular hydrogen

is not as well-known because it is measured less directly. At present, the best

estimate is obtained through the observation of the 2.6 mm spectral line of
12CO, from which the distribution of cold interstellar matter is inferred. The

nature of the interpretation of these measurements makes the derived molecular

hydrogen density distribution less certain than that of the atomic hydrogen.

In the long term, careful comparisons of gamma ray data with the atomic

and molecular distributions should at least aid in the molecular hydrogen den-

sity normalization. The average galactic radial distributions of molecular and

atomic hydrogen show clearly that the molecular hydrogen to atomic hydrogen

ratio is larger in the inner galaxy than it is in the outer galaxy even if the ab-

solute intensity of molecular hydrogen is still fairly uncertain. It is interesting

to note that the great majority of the molecular hydrogen is in clouds. In most

current analyses, the normalization of the molecular hydrogen density is treated

as an adjustable parameter as long as it falls within the rather broad con-

straints set by other considerations.

If it were true that the cosmic ray density were constant throughout the galaxy,
it would only be necessary to know the column density of the hydrogen in
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orderto calculatethediffusegalacticgammarayemission[see,for example
FichtelandKniffen, 1974].However,if thecosmicray densityis variable
andthisquestionwill beaddressedbelow,theproductof thecosmicrayder
sity and thematterdensitymustbe integratedoverthe lineof sightin th
galaxy,and hence,the matterdistributionin the galaxymustbededucec
Althoughthetranslationof theobservationsinto a galacticspatialdistribt
tion is difficult, on a broadscalethe densityprofile is reasonablywell a_
cepted.Eventhoughthereisnotcompleteagreementondetailsof armstru_
ture,ageneralspiralpatterndoesappearto emerge.In additionto the21cI
data,thedistributionsof continuumradiation[LandeckerandWielebinsk
1970;Price, 1974],gammaradiation [Bignamiet al., 1975],H II regior
[GeorgelinandGeorgelin,1976],supernovaremnants[Clark and Caswel
1976],pulsars[Seiradakis,1976],andinfrared emission[Hayakawaet al
1976]areall consistentwith theexistenceof spiralstructurein the galaxy.
Until recently,it hadnotbeenclearwhethermolecularcloudswereassociate
withspiralstructure.However,nowonthebasisof ahighsamplesurveyan
observationsin boththefirstandsecondquadrantsof thegalacticplane,Cohe
et al. [1980]havereportedtheexistenceof themolecularcounterpartsof tt
fiveclassical21cmspiralarmssegmentsin thesequadrants,namelythePersel
arm,theLocalarm,theSagittariusarm,theScutumarm,andthe4 kpcarn

With regardto thecosmicraydensitydistributionin theplaneandperper
dicularto it, thereissomerelevantexperimentalevidenceandseveraltheoreticl
considerations.The radio continuummeasurementsof Cane[1977]use
togetherwith theassumptionthatthegalacticmagneticfieldsenergydensit
andthecosmicrayenergydensityhavethesamescaleheightgiveascaleheigt
for thecosmicraysof about0.6kpcrelativeto theplaneof thegalaxy.TI_
galacticmagneticfieldsandthecosmicraystied to thesefieldscanonly 1:
constrainedto thegalacticdiskby thegravitationalattractionof thematt_
[BiermannandDavis,1960;Parker,1966,1969,and1977].Thelocalener_
densityof thecosmicrays(- 1eV/cm3)is aboutthesameastheestimate
energydensityof themagneticfieldandthat of thekineticmotionof matte:
Together,thetotal expansivepressureof thesethreeeffectsis estimatedt
beapproximatelyequalto themaximumthatthegravitationalattractionca
hold inequilibrium.Further,thecosmicray agedeterminationsuggeststhl
this situationis the resultof plentiful sourcesandleakage,not just chain
accumulationtothemaximumovertime.Hence,excludingthepossibilityth_
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the localconditionsareanomalous,themostnaturalassumptionis that the
cosmicraypressureisasgreatasit canbethroughoutthegalaxyexceptpossibly
in theoutergalaxywheresourcesor regionsof furtheraccelerationmaybe
rare.Theassumptionthat thecosmicraydensitynot onlyvariesthroughout
thegalaxy,but specificallyon thescaleof thearms,isbasednotonly on the
naturalscaleof thearms,butalsoonthescaleheightof cosmicrayelectrons
perpendicularto theplane, - 600pc, andthetheoreticallysuggestedmean
diffusion lengthin the plane(a fewto severaltenthsof a kiloparsec).Fur-
thermore,supportfor thisassumptionisobtainedfromtherecentworkshow-
ing that the cosmicray electronintensitywithin the spiralarmsis about a
factor of 2 higherthan betweenthe arms[Webber, 1983].

Before considering the general case of the whole galaxy, two simpler examples

for diffuse gamma ray production by cosmic rays in the galaxy will be noted.

For galactic latitudes where the local contribution may be expected to dominate,

[ b[ greater than approximately 10 °, the cosmic ray density as a function of

position in the galactic plane presumably does not vary much. For this case,

since the scale height of the cosmic rays is expected to be large compared to

that of matter, a good approximation for the cosmic ray-matter interaction

contribution to the gamma ray diffuse radiation is presumably obtained by

using a constant cosmic ray density, which allows the direct use of atomic

and molecular hydrogen column densities. If the point source contribution

is small and if account is taken of the Compton contribution, it should be

possible to obtain a good agreement using the matter column densities directly

as shown by Strong et al. [1982] and Lebrun et al. [1982]. As an example,

see Figure 2. It should also be possible to use this simplified approach suc-

cessfully at intermediate longitudes, ( - 40 ° to - 120 ° and - 240 ° to -

320°), where regions which are at galactic radii similar to the Earth are

predominantly being viewed as shown, for example, by Arnaud et al. [1982]

and Lebrun et al. [1983]. See Figure 3.

The more general case wherein the cosmic ray density is allowed to be variable

and specifically proportional to matter on the scale of galactic arms is treated

by Fichtel and Kniffen [1984]. They show that within uncertainties the pres-
ent gamma ray results are in agreement with a coupling of the cosmic ray

density in the plane with the broad spiral arm scale galactic features as predicted

by theory. Their results are shown in Figures 4 and 5. Notice that the edges
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Figure 3. A comparison of the gamma ray intensity (E >IO0 MeV) on a
longitude along b = 0 ° between that observed by COS-B [M_tyer-Hasselwander

et al. 1982] and that calculated by Arnaud et al. [1982] under the assumption

of a constant cosmic ray density everywhere at the local galactic value. [This

figure is from Arnaud et al., 1982.]

of the Sagittarius and Crux arms at about 55 ° and 310 ° respectively mark

the beginning of the higher intensity associated with the central region of that

galaxy, and that further steps near 35 ° and 330 ° mark the edges of the Scutum

and Norma arms. There appear to be increases at 75 ° and 285 ° associated

with the local arm and the Carina arm respectively. The expected increase

at 265 ° for the local arm is masked by the large increase due to the Vela pulsar.
The latitude distributions are also generally reasonable. Fichtel and Kniffen

[1984] obtain a normalization for molecular hydrogen of 1.3 × 1020 mol cm -2

K-1 Km-1 s-1, which is consistent with the rather broad range allowed by

independent analyses of radio and other data by Blitz and Shu [1980] and

Dame and Thaddeus [1985].

Other analyses which support at least a general galactic radial gradient of the

cosmic ray density include those of Dodds, Strong, and Wolfendale [1975],

Kniffen, Fichtel, and Thompson [1977], Issa et al. [1981], Hermsen and

Bloemen [1982], Bloemen et al. [1984], and Harding and Stecker [1985]. The
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[This figure is from Fichtel and Kniffen, 1984.1

latter specifically deduce enhancements near the major inner galactic art

features. For example, an assumption of a constant cosmic ray density predict

too large a diffuse gamma ray intensity in the anticenter direction by a rati,
of about 4:3 to 3:2, as noted several times before, e.g., Houston and Wolfen

dale [1982]. This result is expected, since as the matter density decreases i:

the outer galaxy, the cosmic ray density must also, since there is not then su!

ficient gravitational attraction to hold the local cosmic ray density.

It should be noted that Lebrun et al. [1983] showed that the gamma radi_

tion above 300 MeV for (12 ° <1< 97 °) and (-5 ° <b< 10 °) may be fit b
a linear combination of column densities of HI and CO gas tracers and a

isotropic background. However, as Pollack et al. [1985] note, to interpr_

this result as implying a constant cosmic ray density is an oversimplificatior

Fichtel and Kniffen [1984] point out several important factors. First, sinc

the molecular hydrogen density is concentrated towards the galactic centeJ

a large normalization value for molecular hydrogen is mathematically simil_
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and 300 MeV to 5000 MeV from the COS-B data [Mayer-Hasselwander et

al., 1982] compared to the model discussed here shown by the solid line. The

dashed line in the 70-150 MeV graph represents the new "'0.0"" line based on

the revised background intensity for the COS-B data in this energy interval.

[This figure is from Fichtel and Kniffen, 1984.1

to assuming a positive cosmic ray gradient towards the center in terms of the
gamma rays produced. Lebrun et al. [1983] used 3.1 × 1020 molecules cm -2

K-1 Km-] s. Second, the variation in the observed gamma ray intensity be-
tween 50 ° and 10 ° in 1 is less for 300 MeV <E <5000 MeV than in the other

two COS-B energy ranges, for reasons yet to be determined. Third and least,

the Compton contribution, as a percentage of the total, probably decreases
toward the galactic center.

In summary, most evidence at present seems to support, or be consistent with,

the theoretically supported concept of the correlation of the cosmic ray den-

sity with matter density on the broad scale of galactic arms. The anticenter

region seems to show a decrease in cosmic ray intensity, while the inner galaxy

is consistent with a higher cosmic ray density in the region of the galactic arms.
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In additionto thegalacticarms,the localgalacticfeatureGould'sBelt has
alsobeenseeningammarays,havingfirst beenobservedbySmallAstronomy
SatelliteSAS-2[Fichtelet al., 1975].Also, thereis the interestingfeatureof
anapparentpaucityof gammarayscomingfromthegalacticcenteritself(i.e.,
within aradiusof 300or 400pcof thecenter).Eitherthecosmicraydensity
mustbeveryanomalouslylow relativeto the matterdensityor thegas-to-
dustratioisexceptionallylow.Basedlargelyoncircumstantialevidence,Blitz
et al. [1985]favor a low H2/CO abundancein the centerregion.

2. MolecularClouds

Galacticmolecularcloudscontainmuchof the diffusegalacticmatterand
aregenerallybelievedto bethelocationfor theformationof stars.Thereare,
however,manyunansweredquestionsaboutthenatureof theseregionsand
their formativeprocesses.Gammarayastronomyhasthepotentialof mak-
ing an importantcontributionthroughthedeterminationof the cosmicray
distributionin theseclouds.Thelimitedsensitivityandangularresolutionof
theSAS-2andCOS-Binstrumentshasrestrictedthegammarayinformation
on theseobjects;however,two positiveidentificationsweremadewith the
COS-Btelescope,namelyp Oph and theOrion cloudcomplex.

TheOrioncloudcomplexhasbeenobservedasanextendedgammaraysource
[Caraveoetal., 1980]withthe intensitydistributionsimilarwithin uncertain-
tiesto the estimatedmatterdistribution.SeeFigure6. Thecentroidsof the
two excesseslocatedapproximatelyat a = 5h 4m, _5 = 0°0 '; (1 = 205.4 °,

b = - 14.4 °) and at ot = 5h 30m, t5 = -6o30 ' (I = 210.0 °, b = -20.6 °)

are far enough from the galactic plane that source confusion is not likely.

Detailed contours of the gamma ray emission, the CO line emission, the HI
column densities, and the total gas column density are given separately by

Bloemen et al. [1984], and then differences are taken to show a generally good

correlation between the gamma radiation and the mass distribution.

The p Oph gamma ray excess [Swanenburg et al., 1981] is also clearly
established, and its association with the cloud seems quite probable. There

is a controversy over whether or not the gamma ray intensity is more than
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Figure 6. Gamma ray contour map of the Orion region. A smoothing has

been applied to the data following Mayer-Hasselwander et al. [1980]. The
contour unit is 2 x 10 -3 "'on axis counts" s -z sr -z. The thick line follows

the boundaries of the L1641 and L1630 dark clouds. When considering the

angular resolution of the COS-B satellite, the coincidence between the gam-

ma ray excess and the cloud complex is further stressed. [This figure is from
Caraveo et al., 1980.]
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wouldbeexpectedon thebasisof cosmicraysat the localintensitylevelin-
teractingwith thematterin thecloud [For a summary, see Lebrun, 1984].

Although improved gamma ray data both in terms of angular resolution and
statistics are desired, the greater uncertainty at present appears to lie in the

estimate of the matter.

As noted, with future gamma ray observations of many clouds with greater

sensitivity and better angular resolution, it is hoped that a better understand-

ing can be achieved regarding the role of cosmic rays in internal cloud processes.

B. Compact Objects

The interest in the study of compact galactic objects in the gamma ray region,

particularly neutron stars and black holes, is clearly quite high since these
energetic photons are predicted to be able to provide answers on the fundamen-

tal nature of these objects. However, the angular resolution of the high energy

gamma ray telescopes flown thus far, typically ½ o to 1 °, has generally made

association with specific objects impossible except for cases where time varia-

tion correlation could be used. Many of the approximately two dozen localized

excesses listed in the COS-B catalog [Swanenburg et al., 1981] are likely to

be associated with molecular clouds, but some are probably yet to be resolved

compact objects. [For a further discussion of this subject, see Pollack et al.,

1985.]

1. Neutron Stars and Pulsars

Almost immediately after their discovery, pulsars were proposed to be

associated with neutron stars [Gold, 1968, 1969], and this relationship is now

generally accepted. The large release of energy, the very fast period, and the
remarkably small variation of the period seem to dictate that the pulsed radia-

tion must be from a massive object of small size. The very short length of

the individual pulses indicates that the size of the emitting region is associated

with something substantially smaller than normal stellar dimensions. On the

other hand, the periods in general are constant tO one part in 108 or greater

indicating a massive object rather than a plasma phenomenon. If the period
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of the pulseis associatedwith a rotating body, thentheobject mustbea
neutronstarratherthana normalstellarobjectbecausethe surfacecannot
movefasterthanthespeedof light. Further,theperiodisprobablytoo short
to beassociatedwith anoscillatingphenomenon.

No consensusyet existswith regardto theexactmodelfor thepulsedradia-
tion. Manytheoreticalmodelsinvolveeithersynchrotronor curvatureradia-
tion in thehigh magneticfields,often in associationwith thepolar regions
to givethebeamingeffect.Thereisstill, however,a greatvarietyof opinions
regardingthe detailsof themodel,includingthe specificmannerand loca-
tion of the relativisticparticleacceleration.

ThehighestintensitypulsarasobservedattheEarthin thegammarayregion
is the onein Vela, PSR0833-45,for which (1.2 _+ 0.2) × 10 -5 photons

E> 100 MeV) cm -2 S-2 are seen [Thompson et al., 1975 and 1977b; Bennett

et al., 1977; and Kanbach et al., 1980]. This pulsar as first seen by SAS-2

is shown in Figure 7. The two most striking features are the two gamma ray

pulses as opposed to one in the radio region, and the fact that neither gamma

ray pulse is in phase with the radio pulse. These features were confirmed by

the data obtained later from the COS-B satellite gamma ray telescope [Bu-

ccheri et al., 1978]. They determined that the first gamma ray pulse followed

the radio pulse [e.g., Komesaroff, Hamilton, and Ables, 1972] by 11.2 _+

0.4 ms. The period is 89 ms, and the time between the pulses is 38 ms. If

this result were not enough to complicate attempts to find a satisfactory

theoretical model, following the detection of PSR 0833-45 in gamma rays two

peaks were found in the optical region by Wallace et al. [1977], neither one
of which was in phase with either the gamma ray or the radio peaks as seen

in Figure 8 wherein the COS-B gamma ray data are shown. In spite of many
attempts to obtain a certain detection of pulsation in the X-ray wavelength

range, none has yet been made.

The observational picture for the second strongest gamma ray pulsar PSR

0531 + 21 in the Crab nebula is much simpler to describe. This pulsar, which

is faster than PSR 0833-45 and was the first gamma ray pulsar reported [Brown-

ing, Ramsden, and Wright, 1971], even though it is not the strongest, is seen

with the double pulsed structure in the radio, optical, X-ray, and gamma ray
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Figure 7. Distribution of gamma ray arrival times infractions of a radio pulse

period for gamma rays above 35 MeV from the direction of PSR 0833-45,
as seen in the original data of the SAS-2 satellite. Arrow R marks the posi-

tion of the radio pulse. The dashed line shows the gamma ray level expected

from galactic and diffused radiation if no localized source were present

[Thompson et al., 1977a]. Later data from PSR 0833-45 obtained with COS-

B are shown in Figure 6. [This figure is from Thompson et aL, 1977a.]

regions, and the pulses in each wavelength are in phase as shown in Figure
8. PSR 0531+21 has even been detected above 1011 eV by Helmken,

Grindlay, and Weekes [1975] [see also, Grindlay, 1982; Cawley et al., 1985a;
Kinov et al., 1985; and Ti_mer et al., 1985] using the ground-based 10 m reflec-

tor on Mt. Hopkins and others [e.g., Chadwick et al., 1985b; Cawley et al.,

1985b]. The common in-phase double peak feature suggests the same
mechanism for the radiation at all wavelengths for PSR 0531 + 21, which is

perhaps to be expected for a pulsar which is only 103 years old. The older

Vela pulsar, PSR 0833-45, apparently then has a dominant high energy com-

ponent. In fact, whereas the pulsed luminosity ratio, L(PSR 0531 + 21)/L(PSR

0833-45), is about 5 above 100 MeV, it is almost 104 in the optical range. The
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Crab nebula also has strong constant emission. The ratio of the pulsed to

unpulsed emission appears to increase monotonically with energy until in the

high energy gamma ray region the pulsed emission dominates.

The presence of 1012 eV gamma rays has been reported by Chadwick et al.

[1985c] from the pulsar PSR 1953 + 29 with the characteristic 6.1 ms periodicity

observed in the radio region. The 1.24s binary pulsar Her X-1 has also been

seen at these very high energies [Dowthwaite et al., 1984; Cawley et al., 1985c].

Other radio pulsars have been reported to be possible gamma ray emitters

both at 108 and 1012 eV, but confirmation is probably required because the

statistical level of the observations is low. Most likely several of the radio

pulsars will be revealed as gamma ray emitters. Semi-empirical analyses based

on intensity as a function of age [Ogelman et al., 1976; Fichtel and Trombka,

1981] suggest that, with a factor of ten increase in sensitivity, many more

pulsars will be seen in the gamma range.

2. Black Holes

Gamma rays are expected from black holes, although they are yet to be ob-

served from a likely candidate. Maraschi and Treves [1977] have noted that,

if the accretion flow onto the black hole is turbulent and dissipation main-

tains approximate equipartition among the different forms of energy, elec-

trons can be accelerated by the induced electric fields. The resulting synchrotron

energy spectrum is quite flat to about 20 MeV, above which it falls steeply.

There would also be a Compton contribution. Under the right conditions,

observable gamma ray fluxes would be generated. Collins [1979] has pointed

out that matter falling onto a rotating black hole will be heated sufficiently

that proton-proton collisions will produce mesons, including neutral pions

which decay into two gamma rays. For massive (> 103 Mo) black holes, such
as might exist in the galactic center, the resulting gamma ray luminosity may

exceed 10 36 ergs s -1, which would give rise to over 3 × 10 -6 gamma rays

cm -2 s -_ at the Earth for a source at the galactic center. The energy spec-

trum would have a peak near 20 MeV. Emission from black holes through

the Penrose process is another mechanism, but it is most appropriately dis-

cussed in relation to very large black holes which may exist at the centers of

active galaxies.
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Oneof themost intriguingpredictionsof gammaray emissionfrom black
holesis that of burstswith a veryuniquesignaturefrom mini black holes
left fromtheBigBang[e.g.,PageandHawking,1976;Hawking,1977].These
mini holes,whosemassesareonly a verysmallfractionof that of the Sun,
cannotbecreatedin theuniverseasit existstodaybecausethenecessarycom-
pressionalforcesdo not exist.As oneof theseprimordialblackholescon-
tinueto losemass,itstemperaturerises,andit beginsto emitparticlesof higher
restmass,until finally it ejectsall itsremainingrestmassin averyshorttime.
Theheavyhadronsemittedin thisfinalreleasewoulddecayveryrapidly,giving
about10to 30percentof their energy( - 10 34 ergs) into a short burst (about

10-7S) of hard gamma rays between 102 and 103 MeV, peaking around 250
MeV.

3. Other High Energy Gamma Ray Sources

Energetic (E > 35 MeV) gamma rays from Cygnus X-3 were observed with

the SAS-2 gamma ray telescope by Lamb et al. [1977], as shown in Figure

9. They were modulated at the 4.8 hr period observed in the X-ray and in-

frared regions, and within the statistical error are in phase with this emis-

sion. The flux above 100 MeV had an average value of (4.4 +_ 1.1) x 10 -6

photons cm -2 s-1. Earlier, Galper et al. [1975] reported an excess above 40

MeV from Cygnus X-3 also with a 4.8 hr period at a higher intensity closer

to the large 1972 radio burst, but with a lower statistical weight (3.60. If the

distance to Cygnus X-3 is 10 kpc, the flux reported by SAS-2 implies a lumi-

nosity of more than 10 37 ergs s- 1 if the radiation is isotropic and about 1036

ergs s-1 if the radiation is restricted to a cone of one steradian, as it might

be in a pulsar. At that luminosity level, during the time of the SAS-2 obser-

vation, Cygnus X-3 was the most luminous gamma ray source. However, since

it is quite distant, the reported flux as observed at the Earth is just above

the threshold for detection by SAS-2 or COS-B. When COS-B searched for

radiation in later years (the SAS-2 observed it in 1973), no gamma radiation

was detected [Bennett et al., 1977]. This result is not particularly surprising

since the intensity as seen at other wavelengths such as X-rays was much lower

then [e.g., Priedhorsky and Terrell, 1985]. The radio intensity is known to

be quite variable.
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There are also several reports of gamma ray emission from Cygnus X-3 at

higher energies (E > 1011 eV) [e.g., Vladimirsky, Stepanian, and Fomin,

1973; Stepanian et al., 1977; Danaher et al., 1981; Lamb et al., 1982;

Dowthwaite et al., 1983; Cawley et al., 1985a; and Chadwick et al., 1985a],

and even very high energies (E > 1015 eV) [Samorski and Stamm, 1983;

Lloyd-Evans et al., 1983; Dowthwaite et al., 1983; Kifune et al., 1985; Bhat
et al., 1985; and Alexeenko et al., 1985], making it one of the more interesting

astronomical objects ever observed. In the very high energy region, it is clear

that once again Cygnus X-3 is not a steady emitter [e.g., Cawley et al., 1985d].

There are several null results as well as the positive results. These variations
in intensity in the gamma ray region are consistent with the nonstatic theories

of high energy particle acceleration in an accreting binary wherein there would

be frequent breakdowns in the conditions.

There are several reasons for believing that the Cygnus X-3 gamma rays are

produced by nuclei rather than electrons. Being massive, they are able to carry

off energy acquired by acceleration in the high field region near the pulsar

(B > 105 G) and deposit it in a low field region from which gamma rays are

able to escape (B < 103 G). Electrons cannot do this [Hillas, 1984]. The pro-

duction of gamma rays begins with the decay of the 7ro mesons formed in

the collisions of accelerated nuclei with nuclei in the atmosphere of the com-

panion star or in the gaseous material known to enshroud the Cygnus X-3

system. Thus, the energy spectrum of the accelerated nuclei must extend to
at least 108 GeV per nucleon. It has been shown by Hillas [1984] that a

monoenergetic beam of 10s GeV protons impinging on a stellar atmosphere

will generate a cascade whose escaping gamma rays have a spectrum similar

to that from Cygnus X-3. The acceleration could be driven by the rotational

energy of the compact object [Eichler and Vestrand, 1984] or the accretion

disk [Chanmugan and Brecher, 1985]. Alternately, the acceleration may be

due to shocks [Kazanas and Ellison, 1986]. Fichtel and Linsley [1986] have

noted that, in several of these models, there is more than enough energy be-

ing generated per unit time in the form of cosmic rays to sustain the observed

intensity of > 106 GeV cosmic rays in the galaxy.

Supernovae, the most spectacular of stellar events, were among the first ob-

jects considered by gamma ray theorists. A continuum emission from the Crab
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supernovaremnanthasbeenobservedrangingupwardto atleastthelowenergy
gammarayregionsuggestingsynchrotronradiationfromrelativisticelectrons.
Othersupernovaehavenot beenseento havethis typeof radiation,but it
maybeonly a questionof sensitivity.A further importanttestof whether
cosmicraysareacceleratedbysupernovaewouldbetheobservationof acon-
tinuum gammaradiationresultingfrom cosmicray-matterinteractions.A
straightforwardcalculationassuming1049ergsin theform of relativisticpar-
ticlesandadensitythesameasthat locallygivesan intensityof about10-7
photons(E > 100MeV) cm-2 s-1 for a supernova1 kpc away.This level
wouldbedetectablewith future experiments,but not thoseflown thus far.
For theVelasupernovaremnant,whichiscloser,but in apossiblylessdense
region,a largernumbermightbepredicted,makingit aninterestingcandidate
for futurestudy.Also, supernovaein high densityregionswouldbelogical
objectsto searchfor high energygammarays[Montmerle,1979].

As notedin the introduction,oneof thetwo strongesthigh energy(-102
MeV)gammaraysourcesis theoneat (1= 195,b= + 5), whichwasfirst seen
by SAS-2[Lambet al., 1977].Thereisalsoareportof veryhighenergygam-
maraysfrom this sourceby ZyskinandMukanov[1983and 1985].Radio,
optical,andgammaraysearcheshavenot revealedanyobjectwhichstands
outasbeingexceptionalenoughto haveexpectedsuchstronggammarayemis-
sion;however,thereis now anX-ray sourcewhichseemsto bea possible
candidate[e.g.,Bignami,Caraveo,andLamb, 1983].It ishopedthat future
gammaraymeasurementsmaydefinethesourcelocationaccuratelyenough
to locatean objectat lowerwavelengthswith morecertainty.

3. EXTRAGALACTIC GAMMA RADIATION

A. ActiveGalaxies

Beyondourgalaxygammarayemissionhasalreadybeenseenfrom four ac-
tivegalaxies,two Seyfertgalaxies,oneradio galaxy,and a quasar.For at
leasttwoof these,3C273andNGC4151,moreenergyisemittedin thegamma
ray region(E > 0.1MeV) than in theX-ray, optical, or radio regions.The
photonintensitiesarerelativelylow, of course,becauseof the largeenergy
perphotonin thegammarayregion.Nonormalgalaxy,otherthanourown,
hasbeenseenin gammarays,but this resultis not surprisingon thebasis
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of theemissionlevelof ourowngalaxy[See,for example,FichtelandTromb-
ka, 1981].Thegammaraysobservedfrom the SeyfertgalaxiesNGC 4151
andMCG8-11-11arein the lowenergygammarayregion[Auriemmaetal.,
1978;Coeetal., 1981;Gurskyetal., 1971;Ives,Sanford,andPenston,1976;
MeeganandHaymes,1979;Mushotsky,Holt, andSerlemitsos,1978;Paciesas,
Mushotsky,and Pelling, 1977;Perotti et al., 1979;Perotti et al., 1981;
Schonfelder,Graml, and Penningsfeld,1980;andWhiteet al., 1980],and
only upperlimits to thehighenergygammaradiationexist[Bignamiet al.,
1979].Thespectraaresimilarin that bothshowa verymarkedincreasein
thespectralslopein theenergyregionnear1MeV.Theseveralmeasurements
in thegammaray regionfor NGC4151weremadeat differenttimes,and,
assumingno significanterrorsin the data,clearlyshowa time variability.
For five otherSeyferts(andalsoseveralotheremission-linegalaxies)upper
limits derivedfrom the SAS-2gammaray data [Bignamiet al., 1979]are
substantially(morethananorderof magnitude)belowanextrapolationof
thepowerlawX-ray spectra[Mushotsky,Holt, andSerlemitsos,1978],sug-
gestingthata sharpspectralchangein thelow energygammarayregionmay
beageneralfeatureof thesegalaxies.Pollocket al. [1981]cometo a similar
conclusionin relationto the COS-Bdata.

Turningto quasars,3C273isthebrightestX-rayquasarandis theonly quasar

which has been clearly identified as a source of gamma rays [Swanenburg et

al., 1978]. The differential energy spectrum of 3C 273 steepens sharply from

the X-ray range to the gamma ray region, with the slope of the differential

energy spectrum changing from 1.4 in the hard X-ray region to 2.7 in the

high energy (E>50 MeV) gamma ray region as shown in Figure 10. The change

in spectral shape between the hard X-ray and gamma ray region seen for 3C

273 is similar to that suggested for the Seyfert galaxies for which data exist.

The COS-B instrument has observed 3C 273 in gamma rays in July 1976, June

1978, and June-July 1980, and no significant variation in the gamma ray fluxes

among the observation was observed [Bignami et al., 1981b].

The closest known quasar is 2S 0241 + 622, but it is very close to the galactic

plane (b = 2°). The error box of the COS-B gamma ray source CG 135 + 1
[Hermsen et al., 1977] contains the position of 2S 0241 + 622, and the possi-

ble association has been pointed out by Apparao et al. [1978]. Because of
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the largeareaof thegammaraysourcewithin thegalaxy,this identification
mustbeconsideredtentative.

Thechangein spectralshapebetweenthehardX-rayandgammarayregion
seenfor 3C273issimilarto that suggestedfor theSeyfertgalaxiesfor which
dataexisted.Thisspectrum,althoughasyetpoorlydefined,isconsistentwith
severalof themassiveblackholemodels,includingthesynchrotron,selfComp-
tontypemodels[e.g., Grindlay, 1975; Shapiro and Saltpeter, 1975; Mushot-

zky, 1976; and Maraschi and Treves, 1977], possibly including some degree

of subsequent photon-photon interactions [JeUey, 1966] and the Penrose pair

production and Compton scattering processes [Leiter and Kafatos, 1978;
Kafatos and Leiter, 1979], involving infalling protons and electrons.

Centaurus-A (NGC 5128), generally believed to be the closest radio galaxy,

is the only radio galaxy that has been seen in gamma rays. It has now been

observed in all frequency bands from radio through low energy gamma rays
and, although gamma ray emission is not seen in the 30 to 103 MeV region

[Bignami et al., 1979; Pollock et al., 1981], a strong indication of very high

energy (E>3 x 1011 eV) gamma ray emission has been found [Grindlay,

1975]. The observations of the radiation from CEN-A in the X-ray region

through the very high energy gamma ray region again suggest a steepening
of the spectral slope possibly similar to NGC 4151, MCG 8-11-11, and 3C 273.

B. Diffuse Extragalactic Radiation

A diffuse celestial radiation, which is isotropic at least on a coarse scale, has

been measured from the soft X-ray region to at least 150 MeV. The first in-

dication that diffuse celestial radiation extended from the X-ray region into

at least the low energy gamma ray (1 MeV) portion of the spectrum was

reported by Arnold et al. [1962]. At energies above 10 MeV, the first

measurements related to an extragalactic diffuse radiation were those of

Kraushaar and Clark [1962], whose upper limits from Explorer 11 provided

an experimental refutation of the steady-state theory of cosmology. The first

suggestion of a diffuse high energy flux came from the Orbiting Solar Obser-

vatory OSO-3 satellite experiment [Kraushaar et al., 1972], and it was data
from the SAS-2 high energy gamma ray experiment that clearly established
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ahighenergyextensionof the diffuse radiation with a steep energy spectrum

above 35 MeV [Fichtel et al., 1977]. A recent reanalysis of the SAS-2 data
which included galaxy counts as a tracer of the interstellar matter has been

performed by Thompson and Fichtel [1982] and has added support to the
concept of the spectrum being quite steep (having a power low index of about

2.4) in the energy region above 35 MeV. See Figure 11.

Although the diffuse spectral measurements are reasonably self-consistent,

the degree of spatial isotropy is not well known. The X-ray spectrum through

about 100 keV is known [cf., Schwartz and Gursky, 1973] to be isotropic to

within about 5 percent. At high gamma ray energies (35 to 100 MeV), the
center-to-anticenter ratio for radiation with 20 o < [b 1<40 ° was measured to be

1.10 +_ 0.19 and the perpendicular to the galactic plane intensity to that in

the 20 ° <1 b 1<40 ° region was measured to be 0.87 ___0.09 each of these re-

suits is consistent with isotropy to within errors [Fichtel, Simpson, and Thomp-

son, 1978]. Although much more precise measures of the isotropy are clearly

desired, no evidence for a major anisotropy exists. In particular, the high energy

gamma ray results just quoted eliminate a spherical galactic halo origin for

the radiation in view of the Sun's great distance from the galactic center. For

the future, trying to establish the level of isotropy or deviations therefrom
on both a coarse scale and a fine scale will be quite important.

A large number of theories predicting a diffuse gamma ray background have

appeared in the literature over the years. With the measurements of the spec-

trum and intensity which now exist, most of these seem not to be likely can-

didates for the majority of the diffuse radiations [see, for example, Fichtel
and Trombka, 1981]. Two possibilities seem to remain at present. One of these

involves a baryon-symmetric universe, containing superclusters of galaxies
of matter and others of antimatter. The annihilation of nucleons and an-

tinucleons at the boundaries [Stecker, Morgan, and Bredekamp, 1971] pro-

duces the gamma rays. The predicted energy spectrum is reasonable and the

required normalization is within the rather wide currently accepted range. This

theoretical model predicts a fairly smooth distribution over the sky; however,

a test of this theory (in addition to a precise measure of the energy spectrum)

would be the detection of fairly small enhancements in the gamma radiation
in the direction of boundaries between close superclusters of galaxies. The
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diffusegammaradiationassociatedwith theseparticularboundarieswould
beat the higherenergies.

Theotherpossibilityis thesumof theradiationfrom point sources,andpar-
ticularlyactivegalaxies,integratedovercosmologicaltimes[e.g.,Strongand
Worrall, 1976;Bignami,Lichti, and Paul, 1978;Schonfelder,1978;and
Grindlay, 1978].Usingthe dataon the few knownobjects,Bignamiet al.
[1979]andFichtelandTrombka [1981]concludethat it is quiteconceivable
thatSeyfertgalaxiesandquasarscouldaccountfor thediffusegammaradia-
tionusingconservativeevolutionarymodels.Theestimateof thequasarcon-
tributionby FichtelandTrombka[1981],basedon theexisting,verylimited
knowledgeisshownin Figure11.LeiterandBoldt[1982]andBoldtandLeiter
[1984]haveproposeda modelbasedon supermassiveSchwarzschildblack
holeswithaccretiondisksradiatingneartheEddingtonluminositylimit. The
authorsbelievethat, if thistheoryiscorrect,therewouldbedetectablevaria-
tions in the diffuse radiation in small elementsof the sky (10deg2)over
severaldaysin the ½ to 3 MeVregion,givingaspecifictestfor this theory.

4. FUTUREPROSPECTS

Thesatelliteopportunitiesfor highenergygammarayastronomyin thenear
futurearetheGAMMA I plannedto belaunchedin late1986andtheGamma
RayObservatory,currentlyscheduledfor launchin 1988.In themostdistant
future,theNASASpaceStationshouldprovideopportunitiesto fly quitelarge
gammaray instrumentswhichmightberefurbishedorreconfiguredin space.

A. GAMMA I

Thenextgammaray satelliteexpectedto fly is GAMMA I. It is similar to
SAS-2andCOS-Bin thesensethat its centralelementisa multilayerspark
chambersystem,triggeredbyadirectionalcountertelescope,andsurrounded
on theupperendby ananticoincidencesystem.The uppersparkchamber
systemis a twelve-levelwidegapVidiconsystem.Thedirectionalityof the
electronsis determinedby atime-of-flight systemratherthana directional
Cherenkov counter. The sensitive area is about 1600 cm 2 or about 2.7 times
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that of SAS-2 or COS-B. The area solid angle factor is about the same, because

the viewing angle is smaller. The gamma ray arrival direction measurements

are expected to be an improvement over those of SAS-2 and COS-B.

B. The Gamma Ray Observatory (GRO)

Frank McDonald played a major role in bringing this observatory into be-

ing. Following his early work during the formative period, he was named the

GRO Study Scientist for the initial formal phase of GRO's life. The Gamma

Ray Observatory (GRO) is now an approved NASA mission with a launch
tentatively planned for 1990, as mentioned above. An artist's concept of this

spacecraft, which is to be launched by the shuttle, is shown in Figure 12. There

are four instruments covering the energy range from 0.03 MeV to 3 x 104

MeV, with a major increase in sensitivity over previous satellite experiments.

It is advantageous to combine the instruments into one mission not only

because they place similar requirements on a spacecraft, but also because of

the great scientific value of studying the entire gamma ray spectrum of any

object at the same time to examine in detail the nature of time variations.

The four instruments to fly on GRO are:

1. Gamma Ray Observatory Scintillation Spectrometer Experiment (OSSE)

This experiment utilizes four large actively shielded and passively collimated

sodium iodide (NaI) scintillation detectors, with a 5 ° × 11 ° FWHM field of

view. The large area detectors provide excellent sensitivity for both gamma

ray line and continuum emissions. An offset pointing system modulates the

celestial source contributions to allow background subtraction. It also per-

mits observations of off-axis sources such as transient phenomena and solar

flares without impacting the planned Observatory viewing program. The energy

range is 0.1 to 10 MeV.

2. Imaging Compton Telescope (COMPTEL)

This instrument employs the signature of a two-step absorption of the gamma
ray, i.e., a Compton collision in the first detector followed by total absorp-

tion in a second detector element. This method, in combination with effec-

tive charged particle shield detectors, results in a more efficient suppression
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of theinherentinstrumentalbackground.Spatialresolutionin thetwodetec-
torstogetherwith thewell-definedgeometryof theComptoninteractionper-
mitsthereconstructionof theskyimageovera widefieldof view(- 1stera-
dian)with aresolutionof a fewdegrees.In addition,theinstrumenthasthe
capabilityof searchingfor polarizationof theradiation.Theinstrumenthas
goodcapabilitiesfor thesearchfor weaksources,weakgalacticfeatures,and
for thesearchfor spectralandspatialfeaturesin theextragalacticdiffuseradia-
tion. The energyrangeis 1to 30MeV.

3. EnergeticGammaRayExperimentTelescope(EGRET)

TheHighEnergyGammaRayTelescopeisdesignedto covertheenergyrange
from 20MeVto 30 x 103MeV. Theinstrumentusesamultithin-platespark
chambersystemto detectandrecordgammaraysconvertedbytheelectron-
positronpairprocess.A totalenergycounterusingNaI (TI)isplacedbeneath
theinstrumentto providegoodenergyresolutionoverawidedynamicrange.
Theinstrumentiscappedwith aplasticscintillatoranticoincidencedometo
preventreadoutoneventsnotassociatedwithgammarays.Thecombination
of highenergiesandgoodspatialresolutionin this instrumentprovidesthe
bestsourcepositionsof any GROinstrument.

4. BurstandTransientSourceExperiment(BATSE)

TheBurstandTransientSourceExperimentfor theGROisdesignedto con-
tinuouslymonitor a largefractionof the sky for a widerangeof typesof
transientgammarayevents.Themonitorconsistsof eightwidefield detec-
tor modules.FourhavethesameviewingpathastheothertelescopesonGRO
andfour areon thebottom sideof the instrumentmoduleviewingtheop-
positehemisphere.Thisarrangementprovidesmaximumcontinuousexposure
to the unobstructedsky. Thecapabilityprovidesfor 0.1msectime resolu-
tion, a burst locationaccuracyof about a degree,anda sensitivityof 6
x 10-8 erg/cm2for a 10secburst.

Thecombinedcomplementof instrumentsto beincorporatedinto theGam-
ma RayObservatoryis expectedto havethe capabilityto carry out the
following:
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ii.

A survey of gamma ray sources and diffuse emission with sensitivities
around 10 -5 photon cm -2 sec-1 and energy resolution around 10 per-

cent at energies between 0.1 and 30 MeV.

A survey of high energy gamma ray sources and diffuse emission with

a point source sensitivity of 10 -7 photons cm -2 sec-1, angular resolu-

tion of about 0.1 o for strong sources, and energy resolution around
15% at energies above 102 MeV.

iii. Detection and identification of nuclear gamma lines with an energy

resolution of 4 percent and sensitivity of the order of 5 × 10 -5 photon
cm- 2 sec- 1

iv. Observations of gamma ray bursts, including studies of their spectral

and temporal behavior.

The Gamma Ray Observatory will be a shuttle-launched, free-flyer satellite.
The nominal circular orbit will be about 400 kilometers with an inclination

of 28.5 o. Celestial pointing to any point on the sky will be maintained to an

accuracy of _+ 0.5 °. Knowledge of the pointing direction will be determined

to an accuracy of 2 arc-minutes. Absolute time will be accurate to better than

0.1 milliseconds to allow precise comparisons of pulsars and other time vary-

ing sources with observations at other wavelengths from ground observations
and other satellites. For further information on the instruments to be flown

on GRO, see Kniffen et al. [1981].

C. Space Station

NASA is now considering a Space Station which would be a manned spacecraft

permanently orbiting the Earth and capable of performing a variety of scien-

tific missions. High energy gamma ray astronomy is certainly among the scien-

tific disciplines which would be able to benefit very significantly from such
an opportunity. With the gamma ray sky surveyed in some depth with the

GRO, it would, for example, be possible to concentrate on the detailed features

of discrete sources such as active galaxies to examine detailed characteristics

including the temporal variability on time scales up to years and to study in

depth limited regions such as clouds, galactic arms, and nearby galaxies.
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D. VeryHigh EnergyGround-BasedGammaRayTelescopes

In theveryhighenergyrealmof gammaray astronomy,thereareplansfor
ground-basedatmosphericCherenkovexperimentsthat would parallel the
developmentsin sensitivityat gammaray energiesin theMeV-GeVregion
expectedin theSpaceStationera.Oneof these[Weekes, 1985] consists of

seven 10 to 15 m aperture optical reflectors in an array of spacing 7 m at a

high mountain altitude (3.5 km). Each reflector would be equipped with a

camera similar to that currently in use at the Whipple Observatory. The flux

sensitivity will be a factor of ten better than that achievable with the current

camera and will be competitive with the anticipated sensitivity of spaceborne

calorimeters in the TeV energy range. The effective energy threshold could

be as low as 10 GeV (101° eV). A co-located particle detector array consisting

of 61 scintillators of 1 m E area will give coverage in the even higher energy

range from 1014 to 1017 eV, so that six magnitudes of the electromagnetic

spectrum will be simultaneously monitored.

Should all these opportunities come into being, gamma ray astronomy should

make a major contribution to the understanding of the universe.
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1. INTRODUCTION

From its inception, one of the primary motivations for the development of
astrophysical gamma ray spectroscopy has been the search for extra-solar

system radioactivity. This interest stems from a desire to understand the pro-

cesses which produced the large array of complex elements that make up our
universe and that must have been synthesized subsequent to its creation in

the Big Bang. Many of the isotopes produced in such processes are radioac-

tive and their emissions are the key to the detection of their production sites

and the identification of the processes involved. How closely the radionuclides

and their sources are spatially correlated will, of course, depend upon their

decay lifetime and the rate at which they diffuse into the interstellar medium.

This topic of investigation was first suggested by Morrison [1958] in his pioneer-

ing paper outlining the potential of gamma ray astronomy.

Morrison pointed out that radioactive debris of nucleosynthesis in a super-

nova might be found in the Crab nebula, the remnant of a supernova explo-

sion seen from Earth in 1054 A.D. Based upon the hypothesis that the decay
of 254Cf fueled the exponentially decaying light curve of the supernova [Bur-

bidge et al., 1956] which gave birth to the nebula, he estimated that gamma

rays from the decay of 226Ra synthesized in the explosion would be observ-

able today. Savedoff [1959] expanded on these predictions, listing several other

radioisotopes which might be detectable if this hypothesis were true. He
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estimated that the strongest lines would be at 60 keV from 24_Am, and at 180
keV from 25_Cf with current fluxes of about 10 -2 photons/cm2-s.

Clayton, in a large body of theoretical work [for an example of one such

reference, see Clayton, 1982], has firmly established the idea that astrophysical

gamma ray spectroscopy is a valuable tool with which to test the theoretical
models of nucleosynthesis and to probe the structure of the sites of these high

energy processes. He pointed out [Clayton, 1984] that the detection of radioac-

tivity would provide a new cornerstone for theoretical investigations. It was

primarily the detailed calculations by Clayton and Craddock [1965] of the

gamma rays expected from the Crab nebula under the 254Cf hypothesis which

stimulated the earliest flight of a germanium-based high resolution gamma

ray spectrometer to search for extra-solar system radioactivity [Jacobson,

19681.

Subsequent theoretical work has shown that the synthesis of 254Cf falls

several orders of magnitude short of that required to power the supernova

light curve. However, deeper understanding of the processes involved has
yielded several other synthesized radioisotopes whose gamma ray line emis-

sions are currently likely candidates for observation. Isotopes produced in

Type I supernova are listed in Table 1 [from Lingenfelter and Ramaty, 1978].

The most abundant of these is 56Ni [Clayton, Colgate, and Fishman, 1969].

This isotope decays with a mean life of 8.8 days to 56Co, which has a mean

life of 114 days. It decays in turn to 56Fe. Twenty percent of the 56Co decays

via positron emission. While the output of gamma ray lines is expected to

be intense, a combination of the relatively short lifetimes, dense and absorp-

tive ejecta, and high-expansion velocities with concomitant large Doppler

broadening make these lines difficult to observe. Longer lived radionuclides
such as 26A1, 6°Fe [Clayton, 1974, 1975] and 22Na expected to be produced

in abundance with novae [Clayton and Hoyle, 1974] present somewhat greater

prospects for observation. Ramaty and Lingenfelter [1977] first noted for
reasons discussed below that 26A1 would likely be the most detectable of all

the radioactive products.

Guided by the list of expected lines in Table l, a systematic search for cosmic

radioactivity was undertaken using the Jet Propulsion Laboratory (JPL) high
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Table 1. Gamma ray producing decay chains from explosive nucleosynthesis

for an ejecta mass of 1 M o [from Lingenfelter and Ramaty, 1978].

PHOTON
DECAY MEANLIFE NUCLEI/ ENERGY PHOTONS/
CHAIN (yr) SUPERNOVA (MeV) DISINTEGRATION

Ni56--.- Co56--_ Fe56 O.31

Co57--,.-Fe57 1.1

Na22---.,-Ne22 3.8

Ti44--.,,.-Sc4Zl---,,.-Caz14 68

Fe60__,,.Co60._,,.Ni60 2.2 x I06

AI26----Mq26 1.1 x 106

3 x 1054 0.847 1
1.238 0.
2.598 0.
1.771 0.
1.038 0.

7 x 1052 O.122 0.
0.014 0.
0.136 0.

3 x 1052 1.275 1

6 x 1051 1.156 1
O.078 1
0.068 1

5x 1050 1.332 1
1.173 1
0.059 1

4 x 1050 1.809 1

70
17
16
13

88
88
12

resolution gamma ray spectrometer which flew aboard the HEAO-3 spacecraft.

This search resulted in the discovery of 26A1 in the interstellar medium

[Mahoney et al., 1982; Mahoney et al., 1984].

2. THE HEAO-3 MISSION

The HEAO-3 high resolution gamma ray spectrometer [Mahoney et al., 1980]

was the first such instrument to perform an all-sky survey for gamma ray

line emissions. It consisted of four approximately 100 cm 3 high purity ger-

manium crystals actively shielded by 6.6 cm thick cesium iodide crystals in
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awell-crystalconfiguration.The aperture was defined by another cesium iodide

crystal with a hole drilled through it above each of the Ge crystals, angular

collimation of about 30 o full width at half maximum (FWHM). A thin plastic

scintillator over the aperture provided discrimination against charged particles.

Cooling for the Ge crystals for their lifespan of 8.5 months was provided by

a two-stage sublimation cooler containing solid methane and ammonia. The
instrument made measurements over an energy range of 50 keV to 10 MeV,

with an effective area of 72 cm 2 at 100 keV, 27 cm 2 at 500 keV, and 20 cm 2

at 1.5 MeV. A 3-sigma detection sensitivity threshold for a point source was

about 2 x 10 -4 photons/cmE-s. The spectral resolution upon initial opera-
tion in orbit was 3 keV FWHM at 1.5 MeV.

The HEAO-3 spacecraft was launched on September 20, 1979 and operated

until the mission ended on May 30, 1981. The germanium detectors functioned

until cryogen exhaustion on June 1, 1980. Subsequent measurement of gamma

ray phenomena such as solar flares and gamma ray bursts with the relatively
low resolution cesium iodide detectors continued throughout the remainder

of the mission. Scanning with a period of 20 minutes, with the spin axis aligned

along the sun-earth direction provided a full celestial survey in a six-month

period. Additionally, at the beginning of each six-month period, when the
solar cell orientation with respect to the Sun made it possible, the spacecraft

spin axis was aligned approximately along the galactic spin axis for two weeks,

allowing the instrument to scan directly in the galactic equatorial plane.

3. THE HEAO-3 ANALYSIS AND RESULTS

The strategy of looking for radioactive nucleosynthesis materials by concen-

trating on diffuse galactic emission was suggested by Ramaty and Lingenfelter

[1977], in their consideration of supernova ejecta, and by Clayton and Hoyle

[1974] in their discussion of nova ejecta. Specifically, they pointed out that

isotopes with high production yields and long lifetimes compared with the

mean time between the synthesizing events would present the best candidates

for detection since they would be observed as diffuse sources which are the

cumulative product from a large number of events. In addition, the long

lifetime enables the ejecta to slow from its initial velocity to that of the ambi-
ent medium before its decay so that the emitted line is not significantly Doppler-
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broadened,further enhancingits detectability. Such lines would exhibit

broadening only from galactic rotation, which is no more than about 3 keV.

In carrying out such a search, the systematic problems due to background

radiation effects are formidable. The radiation background experienced by

a spacecraft-borne gamma ray spectrometer in each orbit is complex in both

its constituency and its temporal behavior. Cosmic rays modulated by the

Earth's magnetic field constantly bombard the spacecraft and its payload,

producing a large variety of secondary radiations including gamma ray lines

coincident in energy with many of astrophysical importance. Additional

radioactivation of the instrument and spacecraft materials and subsequent

gamma ray line emission also result from the spacecraft's passage through

trapped radiation in the South Atlantic Anomaly (SAA), which occurs several

times a day. The primary component of the continuum background results

mainly from the modulated cosmic rays and their secondaries and hence is

also a function of the magnetic latitude. Auroral X-ray events and clouds of

precipitating electrons also contribute their share to the background. These

radiation components have characteristic temporal behavior spanning the full

range from almost periodic with frequencies on the order of an hour, to tran-

sient and exponentially decaying with time constants as small as the order

of milliseconds. The analysis is further complicated by a beating between the

spacecraft spin period and the orbital period. Accumulating data over many

days from a position in the celestial sphere which contains a source of inter-

est, and then comparing that with an equivalent accumulation from a posi-

tion presumably containing no sources, even when taking as much care as

possible that all other parameters such as magnetic latitude, and time since
SAA transit, are equal, yields unreliable results. Experience with such dif-

ficulties has led to the development of another approach to analyzing data

obtained using scanning techniques [Wheaton et al., 1987]. In this approach,

each 20-minute scan of the HEAO spacecraft is analyzed independently. Cor-

rections for aperture response are made, and background obtained during

the same scan is subtracted. The net result of many scans is then accumulated

to give the final net flux.

Since the instrument sensitivity does not allow a measurement of the spatial

distribution of a low intensity diffuse source, a model must first be hypothe-

sized and then compared to the data. In analyzing the galactic plane data in
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the effort to discover an 26A1 component, each scan was fitted with an

assumed distribution. While several models have subsequently been used, as

discussed below, the initial distribution assumed was that of 100 MeV galac-

tic gamma rays, which is consistent with an extreme population I. The fit in-

cluded the folding in of instrumental parameters such as detector efficien-

cies, shield transmission, and the modulation of the source by the Earth. The

presence of the Earth was crucial in this approach because it chopped the source

emission allowing the background flux level to be established. Because neutron

interactions on the 27A1 of the spacecraft and instrument produce excited

26Mg, there is a fairly strong instrumental background flux at 1809 keV, the

energy of the expected 26A1 radiation. The spectral vicinity of the line of in-

terest is shown in Figure 1. It was helpful to the analysis that in close prox-

imity to the target line there was another line at 1778 keV, also produced by
neutron interactions on 27A1, and a line at 1764 keV due to the presence of

natural 238U contaminants in the instrument materials. A test of the validity

of any method used to bring out an astrophysical component of the 1809 keV
line is that it must also eliminate these other close lines known to be of

background origin.

Figure 2 shows the net result of the analysis. The control emission lines have

indeed been removed by the process, leaving a net 1808 keV flux of cosmic

origin.

The analysis yields a net line flux of (4.8 _+ 1.0) × 10 -4 photons/cm2-s-rad

from the direction of the galactic center. The line has a width of less than

3 keV FWHM, and peaks at an energy of 1808.49 _+ 0.41 keV. The accepted

energy of the gamma ray line due to the decay of 26A1 is 1808.65 +_ 0.07 keV.

An effort has been made to better understand the spatial distribution of the

gamma ray emission. This is vital to any determination of its source. Distribu-

tions other than that of the high energy gamma rays have been fit to the data

[Mahoney et al., 1985]. These are: (1) the extreme population I, containing

the type II supernovae and massive main sequence stars, believed to be repre-
sented by the galactic CO distribution [Burton and Gordon, 1978] and (2)

the total galactic visual luminosity, [Bahcall and Soneira, 1980] believed

representative of novae [CiarduUo, 1984] and red giants. Both of these distribu-

tions fit the observations reasonably well, and cannot be distinguished with
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Figure 1. The background spectrum in the vicinity of the 1809 keV line. These

lines are traceable in the main to either natural radioactive impurities, or emis-

sions resulting from interactions by cosmic ray produced neutrons with the
instrument and spacecraft materials.

the data. A brief study has been made of other source distributions. However,
the statistical significance of these fits is such that the only distributions which

can reasonably be ruled out are those which are very highly peaked toward
the galactic center with full width at half maximum of less than about 6 degrees.

The flux value from the direction of the galactic center depends upon the
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Figure 2. The net diffuse galactic gamma ray flux near 1809 keV. The pro-

cess of analysis has eliminated the background lines and revealed the net cosmic

component of the 1809 keV line.

distribution chosen, but for distributions which are statistically acceptable,

the statistical significance of the line varies little.

In order to determine whether the peak of the distribution of 26A1 gamma

rays is in the direction of the galactic center or some other direction indicating

perhaps a local origin, fits of the extreme population I distribution were made
to the data assuming the centroid of the distribution to be successively at

longitudes spaced by 60 degrees around the galactic disk. Figure 3 shows the
results of these fits where the statistical significance of the net flux from the
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direction of the centroid of the distribution is plotted against the centroid posi-
tion. A similar study was carried out in galactic latitude. The net results of

these studies shows that the emission is centered at _ = -6 _+ 22 degrees

andb = -4 + 20 degrees.

Share et al. [1985] have reported a confirming observation of the 26A1 galac-
tic emission using the gamma ray detector aboard the Solar Maximum Mis-

sion satellite. In an analysis of 3.5 years of data, a net source of gamma ray

line radiation was detected at an energy of 1804 _+ 4 keV. Assuming a source
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distributionlike that of the highenergygammarays,theyfound a net flux
from the directionof the galacticcenterof (4.0 _+ 0.4) × 10 -4 photons/

cmE-s-rad. The peak of the distribution was in an error box (99 % confidence)

defined by 345 and 25 degrees in galactic longitude and - 15 and + 10 degrees

in latitude. These results agree in all respects with those of the HEAO-3
observations.

4. THE SOURCE OF THE 26A1

An estimate of the total mass of 26A1 presently distributed in the galaxy can

be arrived at in the following manner. It has been shown by Higdon and

Lingenfelter [1976] that for a diffuse galactic gamma ray source with an ex-
treme population I distribution, the measured flux, F, from the vicinity of

the galactic center can be related to the total galactic luminosity, Q, by

F (photons/cm2-s-rad) = 1 x 10 -46 Q (photons/s).

Given the measured flux from the galactic center direction of F = 4.8 x

10 -4 photons/cm2-s-rad, it is found that the galactic luminosity in 1809 keV
gamma rays is Q = 4.8 x 10 42 photons/s. For a 26A1mean lifetime of 1.04

x 106 years, the total mass of 26A1 presently in the galaxy is then about 3

M o. A similar value for the mass of 26A1is found under the assumption that
the distribution follows the visual distribution model [Mahoney et al., 1985].

By taking the mass of the galactic interstellar medium to be 4 x 10 9 M o
[Salpeter, 1977] and the present average galactic mass fraction of 27A1to be

6.6 x 105 [Cameron, 1982], we find that there is approximately 2.6 × 105

M o of 27A1 in the galaxy. The present average galactic ration of 26AI/27A1 is
therefore about 1 x 10 -5.

Current models [Woosley and Weaver, 1980] indicate that supernova pro-

duction is too low by at least an order of magnitude to explain the observed
26AI [Clayton, 1984]. In novae, the production ratio of 26A1/27A1 is approxi-

mately unity [Hillebrandt and Thielemann, 1982; Clayton, 1984], so that for

a nova rate of 40 per year, an average ejected mass of about 10 -4 M o, and
a 26A1 mass fraction in the ejecta of 2.6 x 10 -4, one can expect that there

is about one solar mass of 26AI from this process currently in the galaxy. This
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is theright orderto accountfor theHEAO-3observation.Hillebrandtand
Thielemann[1982]havepointedout that thehigh productivityof novaein
synthesizing26AIis rather insensitiveto detailsof thenova model,but in-
timatelyreflectsthepropertiesof thenuclearreactionsinvolved.Recentnew
resultson the 26A1productioncross-sectionswill perhapscausetheseesti-
matesto berevisedupward.Champaigne,Howard,andParker [1983]have
foundoneandperhapstwo resonancesin thecrosssectionfor thehydrogen
burning reaction25Mg(p,')t)26A1, the main production reaction for 26A1.

These resonances tend to greatly increase the reaction rate at lower

temperatures. These results require a reevaluation of the nova yields and open
the possibilities for other stellar sources of 26A1.

Norgaard [1980] has pointed out that significant amounts of 26A1 can be

made at the base of the outer convective envelope in a red giant star. Cameron

[1984] estimates that based upon the revised rate for 25Mg (P,3') 26A1, the case

for this has been greatly strengthened and that a considerable fraction of the

25Mg in the envelope of red giant stars may be converted to 26A1. Pending

a more precise calculation, he estimates that 26A1/27AI ratios of from unity
to as much as 10 could occur and that if 0.1% or more of the interstellar

medium has been recycled through red giant stars, then it is possible that the

observed 26A1 may be principally contributed by them.

Blake and Dearborn [1984] and Dearborn and Blake [1985], have pointed out

that type O and Wolf-Rayet stars will produce substantial amounts of 26A1,

and disperse the material in their intense stellar winds. They estimate that 0.5

M o of 26A1 in the interstellar medium is traceable to this source.

In addition to the provocative theoretical work on the problems of nucleosyn-

thesis, much interest in the production of 26A1 has been stimulated by the

discovery of its decay products in primitive solar system materials. The study

of select inclusions in meteorites lead to conclusions that a significant amount

of radioactive 26A1 was present in the solar nebula when condensation took

place.

The discovery of anomalously high quantities of 26Mg, the decay product of

26A1 in primitive solar system materials [Lee, Papanastassiou, and Wasser-

burg, 1977] provided the most important reason leading to speculation that
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theformationof thesolarsystemwastriggeredbyasupernovacloseenough
to the protosolarnebula to induce it to collapseas well as inject 26A1

[Cameron and Truran, 1977]. As pointed out by Cameron [1984], none of

the arguments previously advanced for this model seems very compelling to-

day. The HEAO-3 discovery of relatively large amounts of 26A1 in the in-
terstellar medium suggests that the meteoritic inclusions reflect either normal

interstellar concentrations or a nearby production site of rather more com-

mon occurrence than a supernova.

5. FUTURE EXPERIMENTS

The statistical limitations on the observations made thus far leave quite a
number of unanswered questions about the distribution of 26A1, and the

source or sources of this material. While theoretical work can provide sug-
gestions for specific measurements, these questions can ultimately be addressed

only by further observations. The spatial distribution must be mapped in detail

both in galactic longitude and latitude. Even angular resolution of about 5

× 5 degrees and a flux sensitivity five times greater than that of the HEAO-3

experiment would allow discrimination between extreme population I, and

an older disk population.

High spectral resolution will also be significant in determining the spatial
distribution of 26A1 through the study of velocity dispersions. Energy resolu-

tion presently achievable with germanium detectors would allow measurements

of Doppler broadening of about 1 keV FWHM, permitting study of velocity
dispersions as small as ___85 km/s. For instance, 30 percent of galactic in-

termediate population stars such as novae and red giants are in the galactic

ellipsoidal bulge, concentrated toward the galactic nucleus [Higdon, 1985].

This population has a velocity dispersion of about 130 km/s. On the other

hand, extreme population I stars concentrated in the disk have a velocity disper-

sion of about 30 km/s. Independent of angular resolution, improved spec-

tral resolution and sensitivity will separate the galactic bulge and disk com-
ponents of 26A1. The portion of the 26A1 still exhibiting velocities associated
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with its productionsites(103 - 104 km/s) and dispersion processes may also
be observable.

The observations need to be extended to other products of nucleosynthesis.

The immediate candidates are those shown in Table 1. The measurement of

a galactic 511 keV line would serve as an indicator of explosive 56Fe synthesis

in type I supernovae. Positrons are produced in the decay of 56C0 and a frac-

tion (perhaps 10%) are believed to escape from the expanding shell and anni-
hilate in the interstellar medium over 105 to 10 6 years. Thus one could see

a narrow line with an intensity comparable to the 1809 keV line. Its spatial

distribution could also have important implications for the propagation and

acceleration of cosmic rays. Analysis of this component is underway at pres-
ent in the HEAO-3 data. The measurement of the decay lines of 6°Fe would

demonstrate ongoing nucleosynthesis in massive young stars via helium burn-

ing in type II supernovae. The lines are also expected to be narrow with an

intensity of order 10% that of the 1809 keV line. Measurement of the spatial
distribution would indicate regions of massive star formation in the galaxy.

The isotope 44Ti is produced in type I supernovae (SN I). The measurement
of line emission from this isotope would identify recent (of order 100 years)

and previously known SN I remnants in the galaxy.

For the reasons given above, high resolution spectroscopy is an important

part of any gamma ray astronomy program. At this time, however, there is
no high resolution spectroscopy experiment currently planned for a space mis-

sion. There was originally a high resolution gamma ray spectrometer as part

of the payload of the Gamma Ray Observatory (GRO) to be launched in 1988.

For budgetary reasons, NASA decided to remove this experiment from the

complement of instruments, rationalizing that the low resolution scintillation

spectrometer aboard the mission could satisfy the spectroscopic objectives

of low energy gamma ray astronomy. This design was made before many of

the current discoveries in this spectral region. It was based in part on an ex-

pectation that narrow gamma ray lines would not be seen. In fact, at that

time the only confirmed and well established extra-solar system line, the galactic

center .511 MeV line was narrow. With the possible exception of lines in gamma

ray bursts and solar flares, only narrow lines have been observed thus far.
The width of these lines is crucial to the understanding of their sources. The

narrow width ( _ 3 keV) of the galactic center line sets important limits on
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the gravitationalpotential, temperature, and degree of ionization of the

positron-electron annihilation medium [Leventhal, MacCallum, and Stang,

1978; Riegler et al., 1981; Riegler et al., 1985]. Thus, the failure to include

a high spectral resolution instrument in the present program was, in retrospect,
unfortunate.

Scintillation spectrometers such as the one presently in the GRO payload, with
spectral resolution some 25 or more times worse than germanium spec-

trometers, have made valuable contributions to the field of gamma ray spec-

troscopy, notably in the areas of solar flare [see Chupp, 1982 and Chupp,

1984] and gamma ray burst [Mazets et al., 1981] measurements. In these obser-

vations, the fluxes have been large compared to the detector background, and

the duration of the observations has been short so that systematic effects

become less important. However, even in these types of observations, the

relatively poor spectral resolution has limited the degree to which line width

measurements can characterize the emission regions. Additionally, if the spectra
are highly complex, as in the case of some of the solar flares, the identifica-

tion of the components becomes difficult or impossible.

There are other factors beside the spectral resolution which seriously limit

the ability of scintillation detectors to make long duration observations under

low signal-to-background conditions, regardless of whether narrow or broad

gamma ray lines are expected. Both types of instruments, their structural

materials, and their vehicles are subject to cosmic ray bombardment which

initiates nuclear reactions. These reactions result in numerous gamma ray lines

in the background. Figure 4 shows the background as measured by the

HEAO-3 high resolution gamma ray spectrometer. There are more than 140

lines, each exhibiting characteristic time variation as the spacecraft executes

its various orbital motions, passages through the South Atlantic Anomaly,

or continues to be exposed to the ambient radiation environment. While the
details of which lines are present, and what their intensities and time varia-

tions may be, both germanium and scintillation detectors, and any other

materials used in these instruments have backgrounds of similar complexity.

The ability to deal with this systematic background and compensate for it
depends upon the experimenter's ability to detect, identify, and characterize

each component. The high resolution of germanium allows identification of
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Figure 4. A background spectrum measured in one of the HEAO-3 detec-

tors. The spectrum represents a four-day accumulation.

most of the linesand hence the characteristic of their sources. With scintilla-

tion detectors, such identifications are largely guess work. This introduces

large systematic errors which are extremely difficult to deal with and hence

often overlooked when reporting the results of measurements.

The history of non-solar gamma ray spectroscopy with scintillators also sug-
gests a cautious attitude about the expectations of the GRO low energy gam-

ma ray detector to make low intensity spectroscopic measurements. Several
expeditions to the Southern Hemisphere to observe the galactic center with

a scintillation spectrometer did yield positive measurements of a line near .511

MeV [Johnson and Haymes, 1973; Haymes et al., 1975] but never close enough
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to the energy .511 MeV to be convincingly identified as positron-electron an-

nihilation radiation. Not until observations with germanium spectrometers

began [Leventhal, MacCallum, and Stang, 1978] was it established that in

the direction of the galactic center there was a source of positron-electron
annihilation radiation.

A situation paralleling the original GRO project existed in the HEAO pro-

gram, which included both scintillation and germanium spectrometers. Review-

ing the results obtained by these experiments to date, it is striking how little

overlap there has been. In particular, essentially none of the narrow line results

from the HEAO high resolution spectrometer have been accessible to the

HEAO-I scintillation spectrometer. The reason is that NaI and Ge spec-

trometers have very different capabilities, making them complementary rather
than competitive. Because NaI is cheaper than high purity Ge, and does not

require cooling to cryogenic temperatures, a scintillation experiment will be

cheaper and simpler per square centimeter of effective area than a high resolu-

tion spectrometer of similar proportions. But scintillators simply cannot ad-
dress whole areas of astronomical observation which are accessible to Ge.

It is extremely difficult in practice for scintillation instruments to convinc-

ingly demonstrate the existence of weak lines, as is shown by the HEAO pro-

gram experience with the 511 keV and 1809 keV lines. When one move beyond

mere existence to ask questions about the energy, width, and profile of these

lines, in which a great richness of astrophysical information is contained, "ex-

tremely difficult in practice" becomes "obviously impossible". Because there

is no high resolution spectrometry experiment on the GRO, such questions
will probably not be answered in the next five years.

To do the necessary and comprehensive job of observationally establishing
the source of the 26A1 and to extend these observations to other products and

processes of nucleosynthesis requires the development and space flight of a

high resolution gamma ray spectrometer. Specifically, space flight rather than

balloon flights are needed because the latter, while providing a somewhat more

benign environment with regard to sources of systematic error, drastically limit:

(1) the number of sources available in a reasonable time for study, (2) the
observing time achievable upon any single source, and (3) the studies which

can be made of large-scale diffuse sources. An impractically large number

of balloon flights would be required to adequately address these subjects. It
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isa soberingthoughtthat theusableobservingtime of the HEAO-3 gamma

ray spectrometer was longer than the combined observing time of all the gamma
ray astronomy balloon flights ever made.

Recent missions have tended to be large and consequently expensive observa-

tories. Because of the expense, the frequency of mission opportunities has

been reduced. The likelihood of on-orbit servicing and repair of satellite

payloads could extend the lifetimes of these observatories and contribute fur-

ther to the scarcity of opportunities to launch a large and definitive high resolu-

tion spectrometer, so that a decade or more could elapse before the important

measurements discussed above are carded out. I believe that every effort should

be made by interested scientists and by NASA to see that an opportunity to

fly a high resolution gamma ray spectrometer occurs in the near future.

6. SUMMARY

The HEAO-3 gamma ray spectrometer has provided new evidence in the quest
for the understanding of complex element formation in the universe with the

discovery of 26A1 in the interstellar medium. It has demonstrated that the

synthesis of intermediate mass nuclei is currently going on in the galaxy. This

discovery has been confirmed by the Solar Maximum Mission. The flux is

peaked near the galactic center and indicates about 3 M o of 26A1 in the in-
terstellar medium, with an implied ratio of 26A1/27Al = 1 x 10 -5. Several

possible distributions have been studied but the data gathered thus far do not

allow discrimination between them. It is felt that only the spaceflight of a

high resolution gamma ray spectrometer with adequate sensitivity will ulti-

mately resolve the issue of the source of this material.

The author wishes to acknowledge valuable suggestions by his colleagues, J.

C. Higdon, J. C. Ling, W. A. Mahoney, R. A. Schwartz, and Wm. A.
Wheaton.
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1. PROLOGUE

History has had its periods of magnificent excess, when vast amounts of human

effort were devoted to cultural projects that transcended the necessities of

survival and commerce. Obvious examples begin with the construction of the

great pyramids. Much later, Europe's cathedrals were the ultimate commit-

ment of society's surplus energy to expressions of the spirit. The explorations

of the remote regions of the Earth followed in time as luxuries of civilization

that were also adventurous investments. During the last century, technologies

of all kinds were obsessively undertaken, with results that have transformed

life. Most recently, and for a brief moment fitting onto this logarithmically

shrinking temporal series, were the years of the intense involvement of our

segment of society in the exploration of space. This endeavor is generally

thought of as having things in common with each of those earlier enterprises;

it might even be considered as an evolutionary culmination of their entire trend.

The primary motivations for the American space effort during its first few

years were the immediate and compelling issues of national image and defense.

The civilian space agency was the most visible response to the Sputnik

challenge, but not the country's principal space program, becoming second

or third, depending on the bookkeeping, behind both the defense space

development and the surveillance budgets. The desire to fulfill its mission of

promoting the national image ensured that NASA emphasize manned

exploration--rather than focusing only on remote sensing with automated

instrumentation--in order to enlist and maintain the enthusiastic support of

the public. As the technologies proved themselves with the early successes,
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andastheraceto theMoon waswon, practicalenterprisessuchasnaviga-
tion, communication,andweathermonitoringgrewin scope.Thelarge-scale
lunaranddeepspaceactivitieshavegivenwaytotheshuttleand,morerecently,
to thespacestation,near-earthprojectsintendedto preparefor thesystematic
future growthinto space.

My point is that scientificresearchwasnevera necessaryingredientin any
of this.Appealingclose-upphotosof thedistantobjectsof thesolarsystem
notwithstanding,pureresearchfor its own sakewas,asalways,a luxury of
whichthetypicalspectator,or voter,wasalmostcompletelyunaware.I like
to think thatFrankMcDonaldwasmoreresponsiblethananyotheroneper-
sonfor the way that science,in fact, did figure into the spacearena.

2. INTRODUCTION

Thediversityof the accounts that might attempt to describe Frank McDonald's
influence on the course of space science would be considerable, no doubt scat-

tering throughout a diagram in argument space of at least four dimensions.

My opinions are therefore entirely my own. In the early days there were, of

course, a number of creative individuals who were deeply committed to scien-

tific excellence as the first priority. These were the people who promoted space

science as a valuable function for Goddard as a federal center, or who sought

to constructively influence NASA program creation, or who administered

research empires, or who also valued the maintenance of scientific activities

as a support service to NASA, citing solar protons as health hazards in space,

for example. McDonald is one individual who seemed to combine all of these

career objectives simultaneously, even while pursuing personal research of

considerable merit and coaching apprentices and thesis students and teaching
on the side.

Entirely in Frank's own style, as well, was the generation of new research

capabilities. Nurtured within his lab, these groups worked in areas generally

outside his own specialty of cosmic radiation although potentially related with
some interdisciplinary values. Following various growth rates, and either

transplanted elsewhere or remaining, these have come to range from mature

296



individualscientistssharingsupportfacilitiesto competitivelaboratoryem-
pires.A creationof thisnatureisa complex,simultaneouslyinsurance-buying,
sphereof influence-extending,and yet selfless,risk-taking, and entirely
existentialact.On a comparativelyminor scale,evenMcDonald'swork-a-
dayideasandadvicecouldresultin significantcareeropportunitiesor altera-
tions.Onesuchepisodein theearly1970'smadepossibleauniquedevelop-
mentin astrophysics,in my opinion,andiswhatI wishto useasillustration
here.

3. HISTORY

Thediscoveryof cosmicgammaray burstswaspublishedafter morethan
adozenbrief andinexplicableincreasesof the100keVcountratein cislunar
spacehadbeenobservedin thecourseof a nucleartest-bandmonitoringpro-
gram [Klebesadal, Strong, and Olson, 1973]. This serendipitous space age

discovery was made, not with NASA or European scientific instrumentation,

but with systems designed at the Los Alamos Laboratory for the detection

of nuclear explosions beyond the atmosphere. Its release was quite conser-

vatively delayed until after several years of confidence building through the

consistent accumulation of data. Analysis of the onset times of each rate in-

crease at the widely separated orbiting instruments, not exactly in coincidence,

could geometrically define event propagation planes. The pattern of the source

directions found in this manner was consistent with isotropy and bore no rela-

tion to the locations of the Earth, Moon, or Sun. The gamma ray counting

rates were similar to those from solar flares, obviously indicating much greater

total emission, at least billions of times greater, if indeed coming from outer

space. Since the events were not found to be from supernovae, the only

mechanisms then suggested as sources of observable cosmic gamma ray tran-

sients [Colgate, 1968], and since their discovery predated that of X-ray bursts,
gamma ray bursts were a real surprise.

New life was thus injected both into gamma ray astrophysics and into the
astronomy of transients. Despite an earlier prediction that exotic forms of

cosmic information might be transmitted in nuclear gamma rays [Morrison,

1985], this energy region had continued to be disappointing. Compared with
the X-ray band, that has been more than generous in its rewards in astronomy,
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theO.1to 10MeVregionthenseemedto requiresuchelaborateinstrumenta-
tion for equivalentsignalstrengthsasto bealmosthopelesslyimpractical.
Yet, herewasanunexpectedphenomenonwith countingratespracticallyoff
scale,foundwithverysmallandrelativelycrudedetectors,andhavingenergy
releasescertainto beenormous,eventhoughthesourceswereasyetuniden-
tified. Further,thecuriosityvalueof thisdiscoverywasenhancedbythefact
that theseobservations(in thisverywavelengthregionhithertoencompass-
ing little morethan a staticform of neutralcosmicray background)were
characterizedby almostimmeasurablyrapid timescales.Theexcitementof
themoment,whilepromptingmanyimaginativeideasandspeculations,left
experimentersunableto immediatelyconductnewobservationsin response,
giventhat the detectionratewasfar too low for a rocketor balloonflight
to haveanychanceof beingaloft duringan eventandthat spacecraftex-
perimentstook yearsto get into the missionschedulesandto getdone.

At that timeI hadjust startedalow energygammarayastronomyeffort at
Goddard.Theprimary objective, coincidentally enough in retrospect, was

gamma ray transients, then thought to be possibly observable as signatures
of distant supernovae [Colgate, 1968]. I was building a balloon payload for

this purpose, as well as searching through and comparing existing spacecraft
data records for evidence of transient gamma ray behavior. Only weeks before

the release to the public of the discovery of bursts by Los Alamos, several

anomalous counting rate increases had been found in my IMP-eye solar flare

hard X-ray data. These were detected outside the Earth's environment and

were also apparently of non-solar origin. We could find independent evidence

for only one of them in other spacecraft records. That was, however, not very

firm evidence, being a single time coincidence in the list of hundreds of fluc-

tuations that had been accumulated by an OSO-7 instrument in near-earth

orbit. When the Los Alamos list was published, our IMP-eye bursts, all of

which appeared on that list, both gave immediate confirmation to the gam-

ma ray burst phenomenon and included the first burst energy spectrum,

demonstrating its distinctly non-X-ray nature [Cline et al., 1973].

With the single OSO-IMP event, a more extended spectrum was obtained,

together with the first approximate source direction confirmation [Wheaton
et al., 1973]. The latter was also of particular interest at that time, due to

the uncertainties inherent in Los Alamos' technique of finding the burst
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wavefrontvectorusingtherelativeVelasatelliteburst 'trigger'timings.This
singleOSOsourcefield, althoughquitelarge,wastypicalof theexistingpat-
tern, havingananomalousdirectionat highgalacticlatitude,far from the
brightestX-ray emitters,that, of course,enhancedthesourcemysteryand
providedevenmoreconfirmationthatanentirelyprimescientificphenomenon
wasripe for exploration.

With Frank McDonald'sappreciationof this opportunityandwith hisad-
ministrativeandmoralsupport,I wasableto believethatI hadsomechance
of demonstratingtheurgencyof thesituationto NASAHeadquarters.I well
rememberpromoting--in thecompanyof otherinterestedpersons,including
GeorgePieper,LesMeredith,andDoyleEvans--theopportunitiesthatthen
existed,which,if ignoredor unnecessarilypostponed,couldbeleft wideopen
to otherspacegroupsor missedentirely.JohnNaugle,to hisgreatcredit,
endorsedthetwo propositionsthat physicsandastronomyinstrumentsthen
underconstructionnot beexcludedfrom theopportunityfor modifications
to includegammarayburstobservationalcapabilities,if appropriateandat
lowcost,andthat competitiveproposalsfor newexperiments,evenonspace
missionsnot necessarilydevotedto astronomy,be consideredfor possible
gammaray burst instruments,whenappropriateandatminimal cost.This
actionmadepossibletheAmericanparticipationin thegammarayburstin-
terplanetarynetwork. In retrospect,it probablyenabledall the domestic
spacebornegammarayburststudiesto becarriedout in the entireoneand
ahalf decadesbeforeGammaRayObservatory,with theexceptionof Solar
MaximumMission.Thesituationotherwisewouldnothavebeenamultivertex
networkcapableof highaccuracy'triangulation,'but asinglelongbaseline
from severalnear-earthinstrumentsto thevariousFranco-Sovietinstruments
on theVeneras.

The experiences of those days began a commitment that continues to the pres-

ent. While developing new ways to research this puzzle, our previously scoped

gamma ray transient studies were redirected towards gamma ray bursts. The

inconclusive results of our first balloon-borne experiment prompted us to put
up in the following year two balloon instruments simultaneously, with a

distance separation of several midwestern states. This search for smaller sized

and hopefully more frequently occurring events incorporated the obvious re-

quirement that independent detections would be needed to establish an
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ephemeraleffectasreal.Theresults[Clineet al., 1976] were like those that

plague even present-day high sensitivity balloon searches [e.g., Meegan,
Fishman, and Wilson, 1985], namely, a lack of detection of the weak bursts

that should seem to be required from a reasonably extended size distribution.

4. OBSERVATIONS

Helios-2 was the first gamma ray burst instrument launched; its initial results,

in 1976, seemed to deepen the mystery. The great distance of this solar or-

biter, of up to two astronomical units, made possible the determination of

considerably more definitive source location loci. The comparison of its
measurements with those from the near-earth Vela system provided source

fields in the form of ring segments as narrow as a minute of arc, although

up to tens of degrees in length. Sources were not, of course, identifiable with
such observations, but candidate sources could be unambiguously eliminated

by the lack of positional agreement. All the burst observations showed a clear

and complete lack of agreement with the locations of all obvious candidate
sources such as the well-known X-ray objects [Cline et al., 1979]. This prob-

lem of source identification (at least for the 'classical' types of >100 keV

character, as discussed below) continues in some form to the present.

The first interplanetary burst network was completed in 1978 with the launches
of Pioneer Venus Orbiter and Veneras-11 and -12. A variety of instruments

on these spacecraft, flown to and beyond the planet Venus, provided the

necessary third vertex in the 'triangulation' array, complementing those near
the Earth and Helios-2 in its solar orbit. Later, the Veneras were to outdistance

Venus, giving a multiply determined array. Also, the several burst detectors

piggybacked on the third International Sun Earth Explorer (ISEE) supplied

considerable improvement in the accuracy of the near-earth data useful for
this network. With its initial results, this progression of gamma ray burst source

directions determined with ever-increasing accuracy (that turned out not to

be consistent with the positions of known objects) reached its conclusion.
Source fields were derived with sizes from tens of arc-seconds to arc-minutes

in dimension, yielding precise 'error boxes' sufficiently small to establish source
identification, if reasonable agreement were to be found, but (with the par-

ticular exception noted below) finding fields that were either entirely empty
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or emptyof otherthanrandomstellarforegroundobjects[Larosetal., 1981,
illustratedin Figure 1; Clineet al., 1981;Baratet al., 1984a,b; and Cline
et al., 1984]:Clearly,not onlywerethegammaray burstsourcesextremely
elusive,but anyof their companionsthatmayexistin binaryassociationsas
well.

Onetotally unexpected discovery made possible by these results was that of

an archived optical transient [Schaefer, 1983], precisely within the November
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Figure 1. One of the initial gamma ray burst source fields determined with

the interplanetary network [Laros et al., 1981], typical in its absence of

apparent optical counterparts. These also have no X-ray counterparts.

301



19,1978burstsourcefield [Clineet al., 1984].Figure2 showscomparison
photos.Theflash, foundin a searchthroughhundredsof storedprints,has
somewhatof a 'supernova'appearance,but in fact lastedlessthan several
minutes.Takenin theyear1928,it wasfortuitouslyinoneof aseriesof several
exposures(providing'before'and'after' shotsfor comparison)photographed
thesamenight.Bothananalysisof thecharacterof thetransient'simagein
theemulsionandthefact of a roundedshape(comparedwith the elliptical
starimagesmadebymotion of thecamera)areconsistentwitha brief dura-
tion relativeto the 45-minuteexposure.Sincethis discovery,two morear-
chivedopticaltransienteffectshavebeenfoundinothernetworkburstsource
fields[Schaefer et al., 1984]. These also have decades of separation between

the time of the optical flashes, in the early to mid-1900's, and the gamma

ray bursts, in 1978 and 1979. Since the celestial positions of the optical tran-

sients are known to several seconds of arc, it has been possible to examine

those fields to present-day optical limits. The results are that only extremely
faint source candidates of inconclusive and possibly time-varying character

can be marginally inferred [Pedersen et al., 1983; Schaefer, Seitzer, and Bradt,

1983]. Of course, source proper motion over the decades between optical and

gamma ray transients may be a problem in the utility of the archived positions.

Optical transient observations obtained in real time, however, might make

possible comparative studies that could be useful for 'instantaneous' gamma

ray burst source positions. At present, two new kinds of ground-level in-

struments are being built in the hopes of exploiting this effect. One will survey

and map the sky in optical transient effects [Ricker et al., 1983]. Another
will use directional information from the first to reorient a telescope mirror,

thus determining a transient's position as it occurs with the maximum preci-

sion obtainable, viewing it within its calibrating, neighboring stellar field
[Teegarden et al., 1983]. Both these are being installed at Kitt Peak Obser-

vatory for operation in the near future.

Another unique course of events prompted by network gamma ray burst obser-

vations centers on the March 5, 1979 gamma ray transient. That occurrence

provided a picture that still appears, as it did at the time, to be that of a once-
in-a-lifetime event. This burst differed in its properties in such detail that I

was convinced that it was not 'another' gamma ray burst, but a separate class

of event in itself [Cline, 1980]. That claim, made when high resolution burst
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Figure 2. Two 1928 archival plates, including the one with the first optical

transient [Schaefer, 1983]found within a gamma ray burst source fieM [Cline

et al., 1984], which is also plotted.

instrumentation had been in operation for three years' time, still appears as

a reasonable approximation. No event monitored in the seven years since has

come close to duplicating it. The Leningrad group concentrated on the 8-second

periodicity as a central feature and found that the continuum spectrum was

softer than usual [Mazets et al., 1979a]. It also later discovered the series of

small events that appeared to trickle out in sequel fashion [Mazets et al., 1979b].

Instruments on ISEE-3, Helios-2, and Pioneer-Venus Orbiter had the resolu-
tion to observe the <0.2 msec risetime of this transient [shown in Figure 3;

Cline et al., 1980], which remains particular only to this event of the many
hundreds logged. The initial measurement of the source direction [Evans et
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Figure 3. The time history of the March 5, 1979 event [Cline et al., 1980].

On the left is the overall picture, illustrating the intense, 150-msec wide peak

and the periodic declining afterglow. On the right is the detail of the unique
onset, with its < 0.2 msec rise time constant.

al., 1980] provided the spectacular but controversially interpreted result of

a precise, two-arc-minute fit onto the position of N49, a supernova remnant

in the Large Magellanic Cloud (LMC) at a distance of 55 kpc, about 5 times

the distance from us of the galactic center. A complete analysis using all

available measurement capability refined it to a sliver-shaped field only seconds

of arc from the center of N49 [Figure 4; Cline et al., 1982]. This remains as

the most precise measurement in gamma ray astronomy.

The photon spectrum of the March 5 event, like some others, contained a

400 keV increase [Mazets et al., 1979a]. This experimental feature was barely

capable of independent confirmation, using the ISEE-3 high resolution gamma

ray spectrometer, only in the case of another event [Teegarden and Cline,

1980]. Its existence remains as a controversial issue, given the lack of confir-

mation with the SMM spectrometer [Nolan et al., 1983, 1984] in a large number
of more recent Venera events. Soon after the March 5 event, its various

features, including the line, were fit to models consistent with the N49 distance

[Ramaty et al., 1980; Liang, 1981]. One possible explanation for the energy
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Figure 4. The precise source position of the March 5, 1979 event [Cline et

al., 1982], plotted on the contours of the N49 supernova remnant, as measured

with the Einstein X-ray telescope [Helfand and Long, 1979].

mechanism used the gravitational storage mode of a neutron star [Ramaty,

Lingenfelter, and Bussard, 1981]. This source controversy also persists, with

a very recent contention that the distance of N49 may be outside that physically

possible by a factor of about 5 unless some gamma ray beaming exists [Liang,

1986]. Such a requirement does not seem a strong constraint, given the rarity
of the sole detection.
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5. PHENOMENOLOGY

Theintentof this note is not to reviewthe field of gamma ray transients,

quite the contrary. My purposes in what remains--acknowledging the en-
couragement of Frank McDonald in the creation of the network--are to tie

these examples of the early contributions that the network made to astrophysics

together with certain very recent developments (that it also made possible)

and to provide a new viewpoint regarding the observations. This recent view

[Cline, 1986] appears to be compatible with all the facts and to provide the

possible resolution of certain current inconsistencies. It also continues to favor
an N49 source for the March 5, 1979 event, the identification, as outlined

above, that I have always supported.

The subject of gamma ray bursts has been reviewed in detail in three con-
ferences and workshops in recent years, with published proceedings edited

by Lingenfelter, Hudson, and Worrall [1982], Woosley [1983], and Liang and

Petrosian [1984]. These reviews virtually exhausted the material then available

and are highly recommended. In spite of all the attention to the details of

the experimental results, however, very little that is definitive has been pro-

duced by theoretical burst studies. This is not entirely the 'fault' of the theoreti-

cians, since (with the exception of the March 5 event) there is no identified

candidate source object to provide a source distance, nor is there a source

pattern anisotropy to calibrate a scale for the source distances within the galac-
tic disk.

There is another shortcoming inherent in interpretations of continuum burst

spectra. I base it on a combination of misfortunes: (1) gamma ray spectra

are 'obliging', which means that the observed pulse height distributions can-

not be unambiguously converted into energy spectra; (2) burst time histories,

from early measurements to the present, are seen to fluctuate dramatically,

perhaps beyond the limits of instrumental resolution--and energy spectra are

of necessity measured with considerably coarser time-resolution than are time
histories--so it is clear that their inferences may be in considerable error [e.g.,

Norris et al., 1986]; and (3) even minimizing these limitations, observed burst

spectra generally happen to be quite amenable to a wide variety of presumably

specific fits. Thus, a 'fault' of the model makers may instead be excessive

zeal, permitting overconfident interpretations of the experimental details. In
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fact, with so little that canbe truly pinneddownaboutgammaray bursts,
therangeof sourceideasseemsto havestoppedconvergingbut insteadnow
providessomedeja vu with its variety. One recent cosmological origin model

combines the latitude that modern physics and superstrings can give to the
imagination with gravitational focusing [Paczynski, 1986].

One gamma ray burst observational puzzle has centered for years on the in-

consistency of an observed cutoff in the size spectrum with the fact of an

isotropic source distribution, as one sample illustrates in Figure 5. (A plot

of the integral number of events 'N(S)' seen with magnitude greater than size

'S' would obey a power law of index -1.5 if the sources are randomly
distributed throughout an indefinitely extended three-dimensional region of

space; it would taper to an index nearer - 1.0 for a population of events coming

from a two-dimensional source volume like the galactic disk, in which case

an anisotropy could be observed.) A great deal of attention has been devoted

to resolving this problem. Approaches range from the adoption of a galactic

halo source region [Jennings, 1985], which would be clearly consistent both

with isotropy and with a size spectrum cutoff, to the selection of a redefini-

tion of 'size' (using peak, rather than total, intensity) that can be adjusted

so as to provide a spectrum with no cutoff problem [Higdon and Lingenfelter,

1986]. Also, it has been popular to simply attribute instrumental inadequacies

and miscalibrations as responsible for any observed cutoffs so as to dismiss

the problem. The latter permits the view that burst sources are very near by,

even compared with the thickness of the galactic disk, a view that always had

the intrinsic appeal of minimizing energy considerations. The earliest models

required a nearby source from photon density considerations [Schmidt, 1978],

although their unconfirmed spectral 1 MeV cutoff is another question.

I have been concerned for some time, however, that the size cutoff problem

is more involved than is given credit, with its generally unnoticed connections

to two other issues. First, the occurrence of groups of typically small events

had been observed on at least two occasions [Mazets et al., 1979b, 1981]. Each

presents a cluster in time from 'repeater' sources, i.e., each series has its own
mutually consistent source directions. One concern was therefore that if the

instruments in use are able to observe small events, identifying them in isolated

groups or patterns, and if these are also gamma ray bursts, then those same

detectors could not be exhibiting the instrumental insensitivity that appears
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Figure 5. One source distribution pattern of gamma ray bursts [Atteia et al.,

1986], seen to be consistent with isotropy. Different instruments produce their

individual catalogs; this one was recently compiled with observations from

the interplanetary network.

to exist regarding the creation of a cutoff in the size spectrum of the more

intense events. The small events should also be observed in greater numbers,

in random directions and at random times like the larger bursts, quite clearly

not occurring only in specific directions and in groups. One possible resolu-

tion to this seemingly trivial inconsistency is discussed below.

The second concern was that the March 5, 1979 event and its properties may

be misunderstood, i.e., underestimated in its relevance, in two ways:

(1) The event surely has too precise a positional agreement with the

supernova remnant N49 to have that possible identification ignored

by writing it off as 'accident'. In spite of the great mathematical

unlikelihood of its chance coincidence, a variety of workers in this

field have, since its discovery, preferred to work on that event as an

unusually bright gamma ray burst considering it to be from a source
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possibly closer than most [e.g., Helfand and Long, 1979]. I have felt

that this outlook would needlessly waste a singular opportunity to in-

vestigate what may be a far more instructive lesson in physics.

(2) The March 5 event was too anomalous in its properties, with its

< 200 microsecond onset time constant and its clear periodicity, to

be defined as 'another' gamma ray burst. Both of these properties

remain as anomalous as ever, with the accumulation of hundreds of

additional events for comparison [e.g., Hurley, et al., 1987]. The

opposing view is that an economy of assumptions argues against con-

sidering the event to be in a distinct class. However, to identify that

event as a typical gamma ray burst and interpret its periodicity as con-

firming a neutron star origin concept for gamma ray bursts always

seemed to me surely distasteful if the phenomenon of its periodicity

sets it apart from all other gamma ray bursts. That approach has also

seemed to me particularly unaesthetic if its source identification with

a supernova remnant (an object necessarily associated with a neutron

star) is simultaneously dismissed.

Thus, the issue of the gamma ray burst size spectrum was not separable either

from the problems of understanding the distance of the most interesting event
or from the issue of the number of event classes.

Two other distinctive features of the March 5, 1979 event pertain to the scenario

to be suggested. First, as alluded to earlier, it appears to have a considerably
softer spectrum than most gamma ray bursts. A large proportion of bursts

intense enough to permit accurate differential spectra are characterized in the

150 keV region [Cline and Desai, 1975] with recently found extensions to many

tens of MeV [Matz et al., 1985]. The March 5 event, like its associated sequel

series and like the other spring 1979 series, is characterized instead in the 30

keV region.

Second, the fact that this intense event can be associated with several other

events is both unique and relevant. All hard or 'classical' bursts appear to

be isolated in source direction. Low-intensity events followed (and perhaps

other similar events may have preceded) the March 5 event. These events were

found from 1979 to at least the early 1980's with independently determined
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source directions that overlap onto a common field of one or two square

degrees [Mazets et al., 1981] implying a common source. That field includes
the arc-minute source field of the March 5 event, implying in turn that both

it and this series originated from the same source. The positional evidence

for that identification is a factor of about 3600 weaker than the positional

connection of the March 5 event to N49 (!) but no analogous reasons exist
to contest it. The small events have similar maximum intensities but their time

histories vary considerably. One flat 'square wave' of 3.5-second duration

has no trace of the compound 8-second periodicity so clear in the March 5

event, providing an incidental piece to the puzzle.

6. CONCLUSIONS

A recent discovery is that a third series has been found. This one has a source

direction in the galactic bulge at several degrees from the galactic center (close

enough to support the assumption that its origin is likely to be at that distance)
and consistent with the source direction of an event of four years' earlier obser-

vation [Laros et al., 1986]. Some of the generally small and brief events were

found buried in 1983 Prognoz-9 data [Hurley, et al., 1987], and were con-

firmed as well as augmented with a greater profusion of single-spacecraft can-

didate events in ISEE-3 data [Laros, et al., 1987]; some were also confirmed

in SMM data [Kouveliotou, et al., 1987]. The spectrum of the January event

is somewhat similar to the spectra of the other two repeater series. All three

have spectral characters in the 30 keV region, well above that of X-ray bursts

and equally well below the several hundred keV character of the hard gamma

ray bursts. As mentioned above, this further distinguishes them from the hard

bursts, none of which have yet been found to repeat. The parameter of time

history also provides at least a statistically distinguishing feature: the hard

bursts can have temporal durations over a very wide range, from the frac-

tional seconds to at least one minute, as well as varying from simple to com-

plex in temporal structure, whereas the soft events are generally brief and

simple.

Thus, a new classification of events (occasionally suggested over the years
to account for earlier indications of distinctions based on one or another of

these three parameters) now appears to be more evident than before. It seems
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thatthisconsiderationalsoresolvesseveralfeaturesof thesizespectrumissue
discussedin previouspages.The repeating, soft bursts and the hard, or
'classical' bursts differ considerably in their source and emission properties.

Thus, detector effects clearly could provide for a relative sensitivity to one

class and a relative insensitivity to the other, producing the 'cutoff' in the

classical gamma ray burst size spectrum but having an entirely differing bias

for the repeater populations--yet unknown, since their size spectra are en-

tirely uninvestigated. Further, all the small-event repeating series appear to
fit this class of events, with characters intermediate in energy at around 30

keV and with basically single-spiked time histories. The March 5 event pro-

cess itself must relate to the production of that class. Since these intermediate-

energy and hard classes of gamma ray transients have so little in common,
the fact that the periodicity of the March 5 event may imply its neutron star

origin does not necessarily reflect on the origins of 'classical' gamma ray
bursts--although it is certainly most likely that all kinds of transients from

X-ray bursts to gamma ray bursts do have neutron star origins. The emission

processes responsible for these event classes, however, may be surely as distinct

as they appear to be.

What I suggest, in concluding, is the possibility of a fourth characteristic that
may distinguish these two event classes, namely, source direction pattern.

Gamma ray bursts of the hard, nonrepeating, and common variety may have

an isotropic source pattern, but the source directions of the three series of

soft repeating events can be interpreted to show a glimmer of an emerging

pattern. Based on the 'statistics of three counts', of course, it is nevertheless
interesting to note that the three repeaters have sources consistent with the

galactic plane, the galactic bulge near the center, and N49 in the nearby (by

galactic dimensions) LMC.

All this defends the N49 identification with a plausibility picture, based on

the occurrence of repeating event origins in high density (galactic or LMC)

regions. It is consistent with resolving the several inconsistencies in gamma
ray burst phenomonology outlined earlier. As illustrated in Figure 6, this con-

tention makes for a comparison of the familiar source pattern seen in visible

starlight, in X-ray binaries [Wood et al., 1984], and in the infrared. Also,

the intensities of the galactic bulge events may be assumed to be somewhat

greater than those of the sequels from the March 5 source, since they have
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Figure 6. The sources of the three known intermediate-energy, repeating gam-

ma ray transient series. It is too soon to have a statistically meaningful pat-

tern; the three locations available are, like the X-ray binaries, consistent with

high density regions in the disk and LMC.

been observed with less sensitive instrumentation. (That is, the only detector

capable of detecting the March 5 sequels was not in use for the recent bulge

event discovery, whereas some of the instruments observing the recent series

had also been up during those years.) That inference is consistent with the

fact of the galactic center to LMC distance ratio. The March 5 event itself

is, as before, the exception. Perhaps further analyses will provide new

enlightenment. In the meantime, the viewpoint suggested may provide a clue

towards the understanding of the nature of the singular March 5 event and

of gamma ray transients in general.

7. EPILOGUE

Questions form the natural termination of a science essay, rather than a list

of accomplishments. The questions-to-answers ratio in the situation regard-

ing gamma ray bursts is larger than that which is typical for a subdiscipline
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now over12yearsold. 'Enigmatic' is still one of the adjectives often used

and 'puzzle' a frequent noun. Given the continued nonavailability of reliable

long duration balloons, it is a fact that all variations of gamma ray transients

can be investigated only with spacecraft, although the optical transient con-

nection may someday permit sea level studies to be made. The Gamma Ray

Observatory will contain the only 'next-generation' instrument planned to be

put in orbit for some time, although several instruments similar to those used

in the past decade will continue to see service on nondomestic programs. No

plans exist for a spacecraft high resolution gamma ray burst spectrometer that

might, for example, separate red-shifted annihilation lines from those expected

from a 'grasar', i.e., a gamma ray annihilation line laser [Ramaty, McKinley,

and Jones, 1982]. Such are the unanswered fantasies that studies of gamma

ray transients can promote. Valuable and hopefully definitive information
should surely be forthcoming from GRO. Perhaps the continued scrutiny of

existing data will produce additional surprises. Frank McDonald has said,

"Are gamma ray bursts a transient phenomenon?" Was the exploration of

space, as we knew it in the decades past, with its opportunities for highly indi-

vidualized creativity, flowering within the massive and seemingly impersonal

team projects, a transient phenomenon? One thing is clear: the heyday of space

science was both Camelot, as those in Greenbelt happily knew it, and wild

frontier, as those who launched their own science payloads in balloon gon-

dolas, rockets, and satellites are privileged to remember. As such, like the

physics era of 'string and sealing-wax', it cannot be repeated.
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ABSTRACT

Since the discovery, more than twenty years ago, of a highly uniform

X-ray background (XRB) in the 2-10 keV range, its nature has not

yet been fully explained. It appears clear from the results of "Ein-

stein" medium and deep surveys that at least 50 percent of the XRB

is due to individual extragalactic sources when their contribution

is integrated to Z = 3. This includes contribution from Quasi Stellar

Objects (QSO's), Active Galactic Nuclei (AGN's), galaxies, and

clusters of galaxies. The average spectrum of each of the individual

contributing sources is softer than that of the observed XRB (power

law index _ --- - 0.4 from 3 to 10 keV). Therefore, the remaining

contribution must have a rather hard spectrum of ot = 0.0 - 0.2.
It is unlikely that this spectrum can be produced by diffuse pro-

cesses. Therefore, the remainder of the XRB must be due to in-

dividual sources with the appropriate spectrum. This requires either

that the spectrum of the already identified sources changes at early

epochs or a new class of objects. Advanced X-ray Astrophysics
Facility (AXAF) observations will extend survey sensitivity to

limiting fluxes of order of 3 x 10 -16 erg cm -2 S-l, some 50 times

fainter than any previous survey. They will have sufficient sensitivity

and angular resolution to permit identification and study of these

objects.
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1. INTRODUCTION

The existence of an isotropic X-ray background with intensity of 1.7 photons
cm -2 s -l sr -1 (in the 2 to 8A ° range), was established in the same flight of

June 18, 1962, which discovered the first X-ray star, Sco X-I, Giacconi et
al. [1962], Figure 1.

Due to the high degree of isotropy, it became evident, even after the first few

observations, that the X-ray background had to be mainly extragalactic in
origin. If extragalactic and due to a uniform distribution of sources, a substan-

tial fraction of it (> 20°-/0) had to originate at large distances (Z > 1), and

therefore would carry information of cosmological interests. The very first

theoretical paper after the discovery of X-ray sources, by Hoyle [1963], pointed

out that the hot steady-state cosmological model of Hoyle and Gold predicted
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Figure 1. Azimuthal distributions of recorded counts from Geiger counters

flown during June 1962. Giacconi, R. and Gursky, H., eds., X-ray Astronomy,
D. Reidel Publishing Company, 1974.
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a greater flux of background X-rays than was observed. This single observa-

tion marked the beginning of the demise of the steady-state theory. More im-

portant was that it demonstrated the potential of X-ray observations in study-

ing the early universe.

In the twenty years since then we have learned a great deal about the spec-

trum and angular distribution of the X-ray background. It is generally ac-

cepted that about half of it is the result of the superimposed emission from

many distant individual extragalactic sources: normal galaxy, low luminosity

active galaxies, QSO's, and clusters of galaxies all contribute to the observed

emission. As to the question whether the X-ray background can all be ex-

plained in this manner, the answer is "no". If the remainder of the background

is due to individual sources they must differ in their emission spectrum and/or

evolution from any of the known classes. Perhaps protogalaxies or early stages

of QSO's may provide this emission. While there is no evidence for a truly

diffuse component, a contribution as large as 10-20% cannot be excluded.

2. EARLY OBSERVATIONS AND THEORY

Opportunity for indepth study of the nature and origin of the background

came from the "Uhuru" mission, Figure 2. It is clear from the figure that,

in X-rays, the background radiation dominates the night sky, a result quite

different qualitatively from what one obtains in the visible range of wavelength.
From the study of Uhuru data, it could be determined that fluctuations of

the background were less than about 3 % on angular scales of 10 degrees. This

was strong confirmation of the extragalactic origin of the background. It was

shown by Schwartz and Gursky [1974] that under reasonable assumptions on
the density and composition of intergalactic gas, optical depth of unity would

not be reached in the X-ray regime, until Z -- 7, even in the hypothesis of

a closed universe. This means that X-rays generated at very early epochs can

reach us unimpeded by absorption or scattering effects. If we now ask from

what range of distances may the radiation actually be coming, we find that

this depends on assumptions about the emissivity function. For a uniform

emissivity (in co-moving coordinates) throughout the universe, one finds that

some 20% of the background must come from Z > 1; if we assume any kind
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of evolution (the simplest being an additional factor of (1 + Z) 3 as would be
expected if the emissivity depends on 02 ) then we find that most of the

background must originate at Z > 1, Figure 3.

As to the spectrum of the observed radiation, an early compilation by D.
Schwartz of results from a number of groups is shown in Figure 4. Schwartz

concluded that the spectrum could be best fit by two power laws of the form

8.5 E -°4° 1 _< E _< 21 keV

I(E) =

167 E-138 E >i 21 keV

with I(E) in keV/keV cm 2 s sr or by an exponential fit of the form IOE) = 4.1

exp-(E/35) as would be expected from thermal emission by a gas with effec-

tive temperature of 4 × 108 K. He noted that an exponential spectrum pro-

vided a poor fit both at low energies (< 1 keV) and at very high energies

(> 300 keY).

A number of theories were proposed to explain the background radiation origin
in the early 1960's and 1970's. The first proposal, already mentioned, was

by Hoyle [1963] of X-ray production from a hot intergalactic medium, whose

existence had been predicted by Gold and Hoyle [1959] as a consequence of

matter formation in their steady-state cosmological model. It turned out that

this model would predict a flux one hundred times greater than observed!

Felten and Morrison [1966] suggested that inverse Compton scattering of

cosmic ray electrons on the 3 K radiation may reproduce the power law spec-
tral shape. If the intergalactic electrons could be assumed to have the same

spectrum as cosmic electrons in our galaxy (spectral index ct _ 2.6), then a

spectrum of the type E- 1.5could be obtained. The main difficulty with this

model is the lack of detailed knowledge on cosmic electron fluxes at early

epochs. Then current estimates yielded a derived X-ray flux one or more orders

of magnitude less than that observed.

Cowsik and Kobetich [1972] proposed that the spectrum could be interpreted

as a thermal bremsstrahlung from a gas at a temperature of several hundred
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form of parameters for an assumed spectral shape are excluded. The data

presented here have sufficient precision to reject the hypothesis that a single
power law shape fits all the data between a few keV and a hundred keV.

OSO 3: SD 70b, SD 73a. LLL:PT 71. ASE:GP 69. Leiden-Nagoya: BJ 70.

0S05: DB 73. Schwartz, D. A., 1978, Proc. IA U/COSPAR Symposium on

X-ray Astronomy, Innsbruck, Austria.

million degrees. They computed a detailed fit of the model to the existing

spectral data, Figure 5. They obtained a temperature of 3.3 × 108 K, J N N dl

-- 1017 cm -5, p --_ 3×10 -6 H atoms cm -3 and P= Pcrit if Ho=55 Km# -1

Mpc- 1.
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ray energy. The line represents the thermal-bremsstrahlung emission for a

hydrogen plasma at 3.3 × 10 s K. The line-of-sight integral IN N dl for this
emission is 1.3 × 1017 cm -3. If one assumes no clumping and IcI_ = 2c/3H

10es cm, one getsN e = Np _ 3 × 10 -6 cm -3. Such a density is adequate

to close the Universe if H _ 55 km s-; Mpc -_. Cowsik and Kobetich, 1972,
Astrophys. J., 177, 585.

Field and Perrenod [1977] gave the most complete and critical treatment of

this model. They start from the fit of Cowsik and Kobetich. They compute

the energy content of the gas which turns out to be larger than any other form

of energy in the universe except that in the 3 K or in the rest mass. They pose
the question of how the heating of the gas could occur. They suggest that
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anearlypopulationof QSO'swith numbersevolvingas(1+ Z)6mightbethe
source.Theyassumethat heatingoccurredat Z= 3 andthat adiabaticcool-
ing hastakenplacesince,Figure6. Thentheycanprovidea descriptionof
---andundertheassumptionthat p _ po(I + Z)3,theyfind that theintegrals
from Z= 0to Z= 3wouldyieldafit with T = 4.4× 10SK and fl = 0.46 C-w

(where C is the clumping factor C = <nZ>/<n>2). They remain skeptical of

this explanation because of the very large energy requirements, the large value

of f/(in baryonic matter) and the existence of diffuse HI clouds in intergalac-

tic space which would evaporate in the presence of the postulated hot in-

tergalactic medium, [Mattewson, Cleary, and Murray, 1975; Cowie and

McKee, 1977].

T | • !

I[I_RUAI. NSST_

• ! Z $
RICOS_r T. Z

Figure 6. The variation of the temperature of intergalactic gas with redshift.

The temperature scale is in units of its present value, TO, which is determined
to be 4.4 x 106 K from the observations. FieM and Perrenod, 1977,

Astrophys. J., 215, 717.
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3. EARLY LOG N-LOG S DETERMINATIONSAND THE
CONTRIBUTIONOF INDIVIDUAL SOURCES

Mostof the theories discussed up to now attempted to explain the background

as a truly diffuse emission from the Intergalactic Medium (IGM). However,

starting in the early 1970's, a body of experimental evidence became available

regarding the X-ray emission from extragalactic sources and also regarding

the number count of extragalactic sources as a function of detected flux. These
findings shifted the question of the nature of the X-ray background to a more

fundamental issue, namely, whether the background was truly due to diffuse
processes or to the unresolved contributions of individual sources. The salient

facts were the findings that the Number-Intensity distribution for high galac-

tic latitude, presumably extragalactic, sources (b/> 20 o) in the Uhuru catalog

followed a power law distribution - 1.5, while for galactic sources (b _<20 o),

it followed a -0.4 distribution, Figure 7, [Matilsky, 1973]. This was inter-

preted as the result of a luminosity function independent of distance, in which

case the extragalactic sources much nearer than Z = 0.1 will dominate the counts

and follow the classical N(> S)= KS-3/2 law.

It therefore became possible to speculate that the additional contribution of

fainter sources (below the Uhuru limit of 1.7 × 10 ergs cm -2 s-1) might give

rise to the remainder of the background. Setti and Woltjer [1970] had, in fact,

pointed out as early as 1970, when only 3C273 had been observed as an X-

ray source, that the integrated contribution of all QSO's could easily explain

the entire X-ray background.

In a pre-"Einstein" review, Schwartz [1978] analyzed the contribution to the

background from known extragalactic sources. He took into account the

known X-ray luminosity function for Seyferts, clusters of galaxies, normal

galaxies, and QSO's. He concluded that each class contributed several per-
cent to the background without luminosity or density evolution. No class of

discrete X-ray source could constitute the entire background without evolu-
tionary effects, but less pronounced evolution for QSO's could account for

all of the X-ray background. New data on individual sources at fainter limits

would be required to settle the question.
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4. THE HEAO-1 FINDINGS ON SPECTRAL SHAPE

Diffused emission theories of the X-ray background and thermal brems-

strahlung models in particular received new impetus after the findings of the

HEAO-1 (A-2 experiment), which obtained X-ray background spectra in the

2 to 40 keV region with high statistical accuracy, Figure 8.

Marshall et al. [1980] showed an excellent fit to the Field and Perrenod model

with parameters of Zcutoff ---3, T O = 26 keV and fl = .36C v2. They repeated
the Schwartz arguments against the explanation of the background as due
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to discretesourceswithout evolution.Theyfurther questionedwhetheran
evolvingpopulation(QSO's)wouldhavetheright spectrumto mimicthermal
bremsstrahlungemission.Theyconcludedthatthemeasuredspectrumstrongly
suggestedthat a substantialfractionof thebackgroundis dueto a hot in-
tergalacticgaswith nearclosuredensity.

Severalargumentshavebeenraisedagainstthis interpretation.Theseare:(1)
theargumentof FieldandPerrenodbasedonenergetics;(2) thehighdensity
of the IGM in baryonicmatterwhichis in contradictionwith the valueof
f_ -_ .1fl critderivedfrom deuteriumabundances;(3) theexistenceof HI in-
tergalacticclouds,whichwouldevaporatein thepresenceof thispostulated
hot intergalacticmedium;(4) theargumentfirst proposedby Cavaliereand
Fusco-Femiano[1976]andmorerecentlydiscussedbyForman,Jones,and
Tucker [1984]basedon theexistenceof clusters;and(5)the realizationthat
suchgoodfits only hold over the restrictedenergyrange2 to 40keV. At
energies> 100keV,thespectrumsteepenssignificantlyrequiring,in thether-
malbremsstrahlunginterpretation,ahighertemperaturecomponentof _<95
keV, Schwartz[1978].

5. DIRECT MEASUREMENTS OF DISCRETE SOURCE

CONTRIBUTIONS FROM "EINSTEIN" (HEAO-2)

The Einstein Observatory was used to study the contribution of discrete ex-

tragalactic sources to the background in a number of ways.

There are basically three methods to determine the contribution of a class

of discrete sources to the background from the "Einstein" data:

(1) Direct measurement of Log N-Log S and identification of the extra-

galactic nature of the sources in the 0.5 to 3 keV energy range.

(2) Measurement of the X-ray luminosity function for a specific class of

objects and knowledge of its evolution.

(3) Measurement of optical properties (luminosity function and evolution)

of a specific class of objects and knowledge of their Lx/Lopt ratio.
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All thesemethodshavebeenemployedby analysisof the Einsteindataand
haveresultedin mutuallyconsistentestimatesof thecontributionof sources
to thebackground.

Method1wasimplementedthroughthedeepsurveys[Giacconiet al., 1979]
whichresultedin extendingtheLog N-Log Smeasurementsby aboutthree
ordersof magnitudefrom the Uhuru limit of 1011erg cm -2 S -1, 1-3 keV

range, to 1.3 x 10-14 erg cm -2 s-1. The medium Einstein survey [Maccacaro

et al., 1982] filled the gap between these extremes. From integration of the

Log N-Log S relation a background contribution of/> 35 % could be directly

computed [Murray, 1981], Figure 9.

Method 2 was implemented by use of the medium survey data to obtain a
local luminosity function for AGN's and the evolution parameter c in the

assumption of a pure luminosity evolution [Maccacaro et al., 1983]. (The
assumption of a density evolution could be shown to be inconsistent with the

data.) Maccacaro estimated a contribution to the background of the evolv-

ing AGN's of 78 +_ go. A lower limit to this contribution consistent with
the range of parameters if 42%; the upper bounds exceed 100%.

Method 3 was implemented by using Einstein data on QSO's X-ray luminosi-

ty, determination of the ratio L/L and its dependence on L ° [Zamorani,
x o

1982; Avni and Tananbaum, 1982; Maccacaro et al., 1983], and use of the

optical evolutionary models to compute the contribution of QSO's to the

background (BKG). Marshall reports a value of 75 +66 % [Marshall, 1983]
-32

It is worth noting that Methods 2 and 3 are quite uncertain because they are

to a degree dependent on a number of parameters describing the luminosity

function, the limits of integration L min and L x max, the evolutionary lawsx

of the specific class of objects (for instance QSO's), as well as on the parameters
of the assumed world models. It should also be noted that a substantial frac-

tion of the sources that would give rise to the background have not been directly
observed.

Furthermore, as pointed out by De Zotti et al. [1982] and Boldt and Leiter

[1984], the sources which dominate the X-ray background cannot have spec-

tra similar to the power laws measured locally for AGN's. It follows that the
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objects must be either QSO's with characteristics different from that of the

nearer QSO's or a different class of objects altogether (protogalaxies?). The

fact that the spectrum must change renders the extrapolations necessary in
Methods 2 and 3 even more uncertain.

The only certain assessment of the contribution of discrete sources to the X-

ray background comes, therefore, from the extension of Log N-Log S to the
Einstein limit. As to the nature of the objects, the current program of Deep

Survey source identification yields mainly QSO's with 0.5 _<Z _< 2 as optical

counterparts of the extragalactic component.

6. CURRENT PROBLEMS AND POTENTIAL FOR FUTURE

CLARIFICATION

The current situation can be summarized as follows:

(a) It is certain that a very substantial fraction of the X-ray background is

due to the contribution of individual sources. The most complete cur-
rent evaluation of the contribution from the different classes of ob-

jects is that of Schmidt and Green [1986]. The contributions to be ex-
pected as a function of increasing sensitivity of the surveys are shown

in Figure 10.

(b) There is no direct evidence for the existence of a true diffuse compo-

nent. Current estimates set an upper limit of 10-20%0. These limits come

from the current estimates of baryonic matter content from the existence

of diffuse HI clouds in intergalactic space and from the survival of

clusters; and may be somewhat relaxed by the recent arguments of Fa-

bian on the effect of considering mildly relativistic effects on the gas

emissivity [Fabian, 1984]. In order to invoke such effects, Fabian must

postulate emission of gas with temperature -200 keV at Z-5. (See

comment below.) It should be noted that the fact that some 50% of
the background is due to known individual sources makes it very unlikely

that the remainder of the BKG can be explained as thermal brems-

strahlung emission from a hot thin gas. As noted by many authors [Boldt
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and Leiter, 1984; Schmidt and Green, 1986], the spectrum of the re-

mainder of the BKG, after subtraction of the known individual source
contribution which is softer than the background, becomes very hard.

Power laws of index _r< 0.2 are required. In the thermal bremsstrahlung

model, this would require >I 200 keV at the source and, in order to ob-

tain an effective K -- at the current epoch of -40 keV, one would re-

quire that the emission occur at Z _ 6 [Boldt and Leiter, 1984]. The

existence of a heating mechanism for such a high temperature gas at
such an early epoch is unknown and, perhaps, not entirely plausible.

(c) Therefore, it appears most likely that the remainder of the X-ray BKG

originates in compact extragalactic sources of some kind capable of giv-

ing rise to the required hard spectral component. This requires a dif-
ferent emission spectrum from members of a known population

(QSO's?) at an early epoch and/or evolutionary effects or a new class
of objects (protogalaxies?). The study of this subject, therefore, offers

a potential for exciting new discoveries. The most promising approach

appears to be a refinement of the direct measurement of individual

source contribution at ever smaller limiting fluxes, with high resolu-

tion instruments capable of directly imaging the background.

AXAF offers a very substantial opportunity to resolve this problem once and

for all. By repeating the deep surveys with increased sensitivity it can extend

Log N-Log S to fluxes more than one order of magnitude weaker than detected
in Einstein, from 2x 1014 to 10 -15 erg cm -2 s -l in the 1-10 keV range in

5 X 104 sec. It can reach 5 × 10 -16 erg cm -2 s -1 in the 1-10 keV range in 105

sec. It can do so over fields of view of the same order as those used in the

Einstein HRI deep survey provided that the HRI which ultimately is adopted
has the sensitivities recently reported [Fraser and Pearson, 1983] or that a

large format charge coupled device (CCD) is selected. Extension of the survey
limit to 5x 10 -16 -- 10 -15 erg cm -2 s -1 (1-10 keV) brings us to a range of
fluxes such that we must observe a turnover in the Log N-Log S relationship

in order not to exceed the X-ray background. In addition, the AXAF angular

resolution of a 0.5 arc-sec will provide the necessary precision to carry out

a program of source identifications. It should be noted that this precision is
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essential.It wasonly after thepositionsfor EinsteinHRI sourceswerere-
finedto a fewarc-secondsthat oneandonly oneopticalcounterpartwould
beidentifiedfor all X-raysources.[Somecounterpartswerefoundin J plates
at magnitudes20 to 23, Griffith et al., 1983.]

If Lx/Lopt ratiosobservedin Einsteinaremaintainedfor thesourcesfound
in thesesurveys,it followsthatwhenweincreasetheX-raysensitivityby fac-
tors of 20-40,wewill needto observeopticalcounterpartsfainterby three
or four magnitudes.Wecanexpect,therefore,that theopticalcounterparts
at theAXAF surveylimit will be in therangeof m = 24-27.Detectionand
identificationof theseobjectswill requirein all probabilityuseof the space
telescope(ST) imagingand spectroscopyinstruments.

Theexpectedreturnsfrom this surveyare:

(a) A newdetermination of Log N-Log S for extragalactic X-ray sources

to Smin _ 5 x 10 -16 erg cm -2 s -_ (1-10 keV).

(b) A complete X-ray selected sample of 500 to 2500 X-ray sources with

fluxes between 5 x 10 -16 and 2x 10 -14 erg cm -2 s -1 (1-10 keV), per

square degree surveyed [see for instance estimates derivable from

Schmidt and Green, 1986]. This sample will probably consist of QSO's
at high redshifts, or clusters or protoclusters and possibly protogalaxies.

Additional work on this survey might include:

(1) Measurement of source position and extent [clusters should have core

radius of - 20 arc-sec, Bahcall, 1979].

(2) X-ray spectral measurements of individual sources to determine spec-
tral shape for point sources.

(3) X-ray spectral measurements of individual extended sources to deter-

mine the presence of emission lines, in particular redshifted Fe Ka
emission.

(4) Optical identification and broadband spectroscopy of the candidate
objects.
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THE COSMIC X-RAY BACKGROUND

Elihu A. Boldt
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Goddard Space Flight Center

Greenbelt, Maryland 20771

1. OVERVIEW

Electromagnetic radiation provides the only channel presently available for

obtaining direct information about extragalactic reaches of the universe; ad-

ditional direct modes of making extragalactic observations (e.g., neutrino

astronomy, gravitational radiation) are yet to be exploited. While most studies

to date have concentrated on the individually discernible sources of this elec-

tromagnetic radiation, those absolute measurements of sky surface brightness

providing the totality of the flux in various spectral bands from all sources

in the universe (i.e., arising from diffuse emission as well as unresolved discrete

objects) present us with a most fascinating and challenging constraint. This

integrated radiation, known as the "background", gives us a quantitative

measure for evaluating how complete our knowledge of the observable universe

actually is. Fundamental questions may be posed. Does the total signal ob-
served equal the sum of all the individual sources that we know about from

limited samples? Do we have the correct arithmetic (i.e., cosmology) for car-

rying out this addition? Are there unfamiliar kinds of sources (e.g., with

drastically different spectra) that contribute to the background substantially,

but have not yet been resolved? What is the motion of our Milky Way galaxy

relative to the proper frame of the background? With the advent of comprehen-

sive data from the pivotal HEAO (High Energy Astronomy Observatory) pro-

gram fostered by Frank McDonald and his associates [see history by Tucker,
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1984], the cosmic X-ray background discovered by Giacconi et al. [1962] has
now become a leading test case for attacking such questions.

Our present knowledge about the overall spectrum of the isotropic extragalactic

background of electromagnetic radiation is summarized in Figure 1. It ex-
tends from radio frequencies below the turnover at about 6 MHz (i.e.,

wavelengths greater than 50 m) to gamma rays above the spectral break at

several MeV (i.e., photon wavelengths smaller than 10-13 m). The power law
observed in the radio band from about 10 MHz to 300 MHz [Clark, Brown,

and Alexander, 1970], may be extrapolated to the high energy end of the spec-

trum [Boldt, 1971, 1974], merging remarkably well with the gamma ray

background at a few hundred keV. The background above a few hundred

keV may be accounted for in terms of the emission from Seyfert galaxies

[Bignami et al., 1979; Boldt, 1981; Rothschild et al., 1983], with no appreciable
contribution from sources at high redshifts (z > 1) required. In the X-ray band

these sources exhibit power law spectra of energy index a = 0.7 [Mushotzky,

1982], compatible with the index describing the power law connection of the

background between radio frequencies and gamma rays (denoted by the dashed
line in Figure 1). The observed spectral break in the gamma ray background
at several MeV is taken to be indicative of a characteristic break in the spec-

tra of Seyfert galaxies [Bignami et al., 1979]. The turnover in the radio

background spectrum at about 6 MHz [Alexander and Clark, 1974] prob-

ably results from the combined effect of free-free absorption in the galactic

disk, in the intergalactic medium, and in the sources themselves plus processes

such as synchrotron self-absorption and Razin effect [Razin, 1960] in the in-

dividual sources. The power law portion of the radio background is well ex-

plained as the superposition of radio galaxies and other discrete radio sources

[Simon, 1977], mainly associated with the present epoch (z < 1). Therefore,

from radio to hard X-rays, we appear to have a unified power law background

spectrum arising from the integrated contributions of nonthermal sources

within the present epoch. This power law, extending over more than 14 decades

in photon energy, serves as a baseline for examining additional background

components of more limited bandwidth (e.g., "thermal bumps").

The isotropic extragalactic nonthermal radio background referred to above

is in fact extracted from an anisotropic galactic background that dominates
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Figure 1. The isotropic sky flux s(p) versus frequency p [from Shafer, 1983].

The dashed line extends the power law spectrum at radio frequencies to higher

photon energies (E = hp) assuming s(v) a: v-% with _ = O. Z References

are: Clark, Brown, and Alexander [1970] for radio; Weiss [1980] for

microwave; Dube, Wickes, and Wilkinson [1979] for optical; Paresce, McKee,

and Bowyer [1980] for UV; Marshall et al. [1980] and Rothschild et al. [1983]

for X-rays; and Fichtel and Trombka [1981] for gamma rays.
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the total flux. From about 1000 MHz to 10 6 MHz (0.3 mm wavelength),

however, the situation changes drastically in that the sky is here dominated

by an isotropic radiation field having the spectrum of a blackbody at 2.7 K

[see review by Weiss, 1980], generally regarded as the cooled relic of the hot

photon gas that dominated the universe after the initial few minutes [however,

see Segal, 1983 for an alternate view]. At still higher frequencies (shorter

wavelengths) we expect additional thermal components of the extragalactic

background corresponding to dust (in the infrared [IR]), starlight (in the op-

tical and ultraviolet [UV]) and possibly from hot gas (in the UV and extreme
ultraviolet [XUV]). Upper limits to the extragalactic flux are shown in Figure

1 for the optical [Dube, Wickes, and Wilkinson, 1979; Code and Welch, 1982;

Toiler, 1983; Weller, 1983] and ultraviolet [Paresce, McKee, and Bowyer, 1980;

Joubert et al., 1983]. In general, these upper limits are an order of magnitude

higher than the flux anticipated from the superposed contributions of un-
evolved normal galaxies [Code and Welch, 1982]. Not until X-ray energies

above 3 keV do we again encounter an isotropic background component that

dominates the sky and where galactic contamination is negligible [for a descrip-

tion of the softer galactic component see McCammon et al., 1983]. This

isotropic hard X-ray component extends out to almost 300 keV, appearing

as a thermal-type bump well above the power law baseline shown in Figure

1. As pointed out by De Zotti [1982], the precision with which the spectrum
of this cosmic X-ray background component has been measured with HEAO-1

[Marshall et al., 1980] exceeds that with which the cosmic microwave

background spectrum has been defined. We examine some implications of
the spectrum and (an)isotropy of this well-defined X-ray background within

the context of individual source spectra, HEAO-2 "Einstein Observatory"

source counts [Giacconi, this volume] and the dipole anisotropy of the

microwave background. Open questions are emphasized.

2. ROLE OF THE HEAO PROGRAM

Although X-ray astronomy certainly flourished during the initial 15 years of

its history, research on the cosmic X-ray background remained comparatively

dormant. During this period, experiments concentrated on well isolated bright

sources, particularly compact objects of high astrophysical interest, such as
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neutron stars in binary stellar systems. However, there were also strong prac-

tical reasons for the relatively small attention given to the cosmic X-ray

background during the early years of X-ray astronomy. With X-ray telescopes

based on the mechanical collimation of photons, rather than focusing X-ray

optics, it was not possible to detect any of the faint discrete sources contributing

to the unresolved background [for a review of the early technical status see
Giacconi, Gursky, and van Speybroeck, 1968]. Furthermore, all detectors used

in X-ray astronomy suffer from an annoying background of signals arising
from causes other than the X-ray sky; this extraneous background is the basic

limiting factor in making the absolute measurements of surface brightness
needed for properly defining the cosmic X-ray background. For discrete source

measurements, even the "true" diffuse X-ray sky is an undesirable contamina-

tion. Hence, prior to the use of focusing X-ray optics, the standard approach

was to make the mechanical collimation angle defining the detector aperture

as small as practical and to simply measure the increase in signal as the in-
strument scanned across the discrete source of interest.

It remained for the High Energy Astronomy Observatories (HEAO-1 and

HEAO-2) to significantly remedy the relatively poor observational situation

that existed before concerning the X-ray background. The all-sky survey car-

ried out over a broad band (from 0.1 keV to over 0.5 MeV) with the HEAO-1

mission (Frank McDonald, project scientist), launched in 1977, involved newly

developed experiments especially designed to unambiguously distinguish the

X-ray sky background from that due to other causes [Peterson, 1975; Boldt

et al., 1979]. The focusing X-ray telescope flown on the HEAO-2 mission,

usually known as the Einstein Observatory, brought the power of imaging

optics to X-ray astronomy [Giacconi et al., 1979a]. For soft X-rays (< 3 keV),

the imaging detectors at the focus of this grazing incidence telescope were

used to resolve a substantial portion of the background into discrete faint

sources [Giacconi et al., 1979b].

Some of the causes of the extraneous background associated with on-orbit

X-ray detectors are charged cosmic rays, ambient electrons, gamma rays

(primarily flux as well as a locally generated flux produced by cosmic ray in-

teractions with the spacecraft), and radioactivity induced by passage through

the South Atlantic Anomaly [Peterson, 1975]. The strategy for extracting the
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diffuse flux of celestial X-rays from the overall background which was

employed with the Cosmic X-ray Experiment (A2) on HEAO-1 [Boldt et al.,

1979] is summarized as follows:

(I) The most fundamental aspect of a diffuse flux is that it increases

linearly with solid angle. In order to apply this definition reliably there

were two different rectangular fields of view associated with each detec-

tor; one of them was always 3 o × 3 °, the dual one being 3 o × 1.5 ° for
some detectors and 3 °x 6 ° for others (where the collimation angle

transverse to the scan path was always 3 °).

(2) X-rays are detected via the photoelectric effect, which is a strong func-

tion of photon energy (i.e., the cross-section is roughly proportional

to E-3 and changes at K absorption edges by an order of magnitude).

To exploit this pronounced X-ray characteristic there were three classes

of gas proportional counters, optimized for low, medium, and high

energy X-rays, designated LED (low energy detector), MED, and HED

respectively. Propane gas was used for soft X-rays (0.1-3 keV), argon

for medium energy X-rays (1.5-20 keV), and xenon for hard X-rays

(2-60 keV). [See detailed description by Rothschild et al., 1979.]

(3) Unless there is a bright source in the detector's field of view, most of

the raw signals generated by the sensor are due to penetrating charged

cosmic ray particles that transverse the sensitive gas volume with a con-

tinuous trail of ionization. Since the electrons emerging from a

photoelectrically ionized atom are of short range, the secondary ioniza-

tion resulting from X-ray absorption is very localized. Hence, multi-

anode veto logic could be used to efficiently reject cosmic ray signals

without rejecting X-ray signals.

(4) Ambient electrons associated with a low earth orbit (such as used for

HEAO) are not as penetrating as cosmic rays and are relatively difficult

to reject [Holt, 1974]. For a high energy gas proportional chamber, the

main xenon-filled detector was separated from the entrance window

by an electron sensing veto layer (propane-filled) transparent to hard
X-rays. For the low energy detectors (propane-filled) this was not feasible
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anddeflectionmagnetswereusedfor removinglow energyelectrons
[effectiveness is described by Garmire, 1979].

(5) Since the scan period of HEAO-1 (0.5 hour) was not small compared

with the orbit period (1.5 hours) spatial and temporal effects needed

to be separated; this was done by offsetting some of the detectors by

an angle of only six degrees along the scan path.

The basic construction of a HEAO-1 (A2) proportional chamber involves an

internal multi-wire electrode arrangement that is electrically equivalent to a

rectangular stack of independent tubular "wall-less" counters, each with its

own anode. X-rays enter via a mechanical collimator on top of the housing

(see Figure 2), traverse a thin window and are detected in the multi-counter

gas volume of the proportional chamber. The dual collimator is matched to

the internal multi-counter structure of the proportional chamber; counters

in odd numbered columns are aligned with the 3 ° × 3 o collimator while those

in even numbered columns are aligned with the complementary collimator.

A cross-sectional photograph of the MED dual collimator is shown in Figure

3 in order to indicate the cellular structure used to implement this scheme.

The HEAO-1 (A2) experiment consisted of six proportional chambers, two
LED's for low energies, one MED for midband coverage, and three HED's

for hard X-rays. To get some notion of how this experiment covered the sky

we can examine the scan path on the celestial sphere for any one of the six

detectors; this is shown in Figure 4. Every half-hour this dual collimator detec-

tor scanned a complete great circle on the celestial sphere in an angular band
of 3 ° FWHM (full width at half maximum) normal to the HEAO spin axis.

At any instant it viewed an angle 0 (FWHM) along the scan path via those

internal counters associated with the small collimation and an angle (2 × 0)

via the dual portion of the instrument. The spin axis defining the scan plane

pointed to the Sun, thereby moving one degree per day along the ecliptic

equator. In this way the entire sky was scanned in six months.

The on-orbit performance of the dual collimator scheme is exhibited in Figure

5, where the effectiveness is quite evident. The two histograms displayed give

the observed population distribution for count-rate samples sorted according
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Figure 2. Photograph of a medium energy detector (MED) for the HEAO-I 
(A2) experiment; overall length is about one meter. X-rays enter via mechanical 
collimator on top of housing. Boxes attached to bottom of detector housing 
are for associated electronics. 

to the total number of accepted X-ray events per telemetry major frame 
(40.96s) recorded with HED-1. They are classified only with regard to field 
of view (FOV), the top histogram for counts associated with 3 O x 6 O collima- 
tion and the bottom for counts associated with the 3 O x 3 O collimation. These 
histograms are based on data obtained over many scan cycles regardless of 
what was in the field of view, be it Earth albedo or celestial sources. The 
histogram for each of the fields of view exhibits two clearly separated peaks, 
the high one attributed to exposures dominated by the sky and the one with 
lower counts attributed to exposures dominated by Earth albedo. If there were 
no extraneous sources of background the two histograms would scale as the 
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Figure 3. A cross-sectional photograph of the MED collimator showing cellular 
structure providing 3" x 3' and 3' x 1.5" dual collimation. 

ratio of solid angles. In fact, Earth albedo represents a relatively weak source 
of X-ray surface brightness, even in the hard X-ray band considered here, 
and most of the signal when Earth fills the field of view arises from a residual 
background internal to the detector (Le., due mainly to Compton electrons 
produced within the chamber by penetrating gamma rays). More extensive 
data bear out the qualitative indication in Figure 5 that the internal background 
to be associated with the two fields of view are equal, as expected. Further- 
more, a detailed comparison of the internal background derived from the two 
peaks associated with diffuse sky background has been shown to be the same 
as that derived from the two peaks associated with Earth background, both 
in magnitude and spectral shape (Le., using the relation: (Internal Background) 
= 2 x (Small FOV) - (Large FOV)). As shown in Figure 5 by a dashed 
line, the internal background for HED-1 represents an average contamina- 
tion of only about 14% for the large field of view, even when the full band- 
width ( -  60 keV) of this detector is considered. To exclude effects of inter- 
nal background completely, however, the spectrum of X-rays to be associated 
with sky background was obtained by simply subtracting the raw spectrum 
observed with the small field of view from that obtained with the large field 
of view for the same detector. 

At X-ray energies approaching 100 keV and above, the quantum efficiency 
obtained with gas counters is just not high enough and "tricks" of the sort 
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Figure 4. A schematic representation of the HEAO-I celestial scan as depicted 
by one of the six (A2) detectors. The scan axis (z) always points to the Sun; 
as shown, each detector has a sun shade for shielding the collimator from 
solar radiation. The dual collimation angles along the scan path are indicated 
as 8 and 28; three detectors have 8 = I .5 and three have 8 = 3 '. 
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used for the HEAO-1 (A2) experiment are no longer readily feasible. The detec-

tors used for the HEAO-1 (A4) experiment for covering such high energy X-

rays (and low energy gamma rays) involved an actively shielded layered con-

figuration of solid scintillators (CsI(Na) and NaI(Tl)), where the light generated

by one is distinguished from the other by the "phoswich" technique [Peter-

son, 1975]. After all the appropriate veto logic has been employed to reject

many of the extraneous events, the rate of those still remaining due to causes

other than the X-ray sky could be obtained by covering the detector aperture

with a movable CsI(Na) scintillation crystal used in anti-coincidence with other-

wise acceptable events. By accounting for the complication that the detector

background depends on factors that vary in time (e.g., such as a cosmic ray
flux and an induced radioactivity that vary with orbit phase) this procedure

is used to estimate the absolute surface brightness of the X-ray sky at high

energies [Gruber et al., 1984].

3. SPECTROSCOPY

The HEAO-1 (A2) experiment has been used to make spectral measurements

of the extragalactic X-ray sky background that remains after excluding the

brightest discrete sources resolved (i.e., on the order of 10 extragalactic ob-

jects per steradian). For high galactic latitudes, at E > 3 keV, the galactic

contribution to this background is small and spectrally soft relative to the

total [Iwan et al., 1982]. Employing the dual collimation scheme previously

outlined, Marshall et al. [1980] determined that the spectrum of the absolute

surface brightness of the extragalactic X-ray sky (3-50 keV) is well fitted by

a model of optically thin thermal bremsstrahlung with kT = 40 keV. The

scintillation detectors of the HEAO-1 (A4) experiment have been used to

establish that this spectral model remains a remarkably valid description of

the data up to about 100 keV [Rothschild et al., 1983; Gruber et al., 1984].

The CXB (Cosmic X-ray Background) presents us with a pronounced spec-
tral paradox when regarded as the superposition of the contributions from

discrete extragalactic sources corresponding to known classes of objects. While

the majority of the extragalactic sources detected with the HEAO-2 Einstein

Observatory are probably AGN (Active Galactic Nuclei) such as Seyfert galax-

ies and quasars [Gioia et al., 1984] the broadband continuum for the brightest
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of such objects measured with HEAO-1 exhibit spectra quite different from

that of the CXB. As displayed in Figure 6, these AGN exhibit power law spectra

characterized by an energy spectral index value distributed in a narrow inter-

val about o_ = 0.7, apparently independent of classification or luminosity

[Mushotzky, 1982]. Such a power law fails to fit the spectrum of the CXB,

being clearly too steep below 10 keV and much too flat above 20 keV (see
Figure 7). In general, the bright AGN observed with HEAO-1 are within the

present epoch (i.e., low redshift). As shown in Figure 8, the composite broad-

band spectrum for a dozen of the brightest of these is well represented by
a single power law up to 100 keV [Rothschild et al., 1983]. While a power-

law model for the CXB spectrum is possible with ot = 0.4 over a limited band

below 10 keV, it is too flat at higher energies (see Figure 7). An extrapolation

of the steeper power law spectrum characterizing the contribution of unevolved

Seyfert galaxies, however, could well account for essentially all of the back-

ground at energies above a few hundred keV provided there is an eventual

gamma ray fall-off at several MeV [see Figure 9, taken from Rothschild et

al., 1983]. Of course, the very pronounced residual CXB in the band below

100 keV of interest here remains to be explained.

Extrapolating from the sample of sources detected with the HEAO-2 Ein-

stein Observatory, Maccacaro, Gioia, and Stocke [1984] deem it plausible to

consider that most of the residual CXB could be due to quasars. Although

many quasars have been observed in X-rays with HEAO-2, the data are

restricted to energies below 3 keV and spectral determinations are relatively
uncertain [Elvis, Wilkes, and Tananbaum, 1985]. Furthermore, even assum-

ing that the residual CXB is indeed dominated by discrete objects (i.e., not

diffuse), most such sources would be too faint to have been resolved. Hence,

at this stage the spectrum characteristic of the ensemble of sources that

dominate the residual CXB can only be inferred from the spectrum of the

CXB itself. More precisely, we must account for that portion of the CXB

arising from sources of known spectral properties (such as those observed

within the present epoch) in order to isolate the residual CXB to be identified

with faint discrete sources (e.g., at very large redshifts) and/or a diffuse

mechanism. This has been done under a variety of approximations [De Zotti

et al., 1982; Leiter and Boldt, 1982; Worrall and Marshall, 1984; Schmidt

and Green, 1986], all consistent with the same general picture emerging.

Specifically, the sources of the residual CXB are in this way found to be
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tral indices F = 1.4 and r = 1.7. Different symbols distinguish data obtain-

ed with HED-1 and HED-3 detectors of HEAOol (.42). Statistical errors are

shown when larger than the size of the symbols [Marshall et al., 1980].

characterized by spectra that are extremely flat at the lowest energies and then

fall off with an e-folding energy of B(1 + z) in their proper frame, where
B = 23 --- 30 keV [Leiter and Boldt, 1982] and z is redshift. For z _ 3.5,
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Figure 9. The Seyfert galaxy estimated contribution to the diffuse background,

along with the HEAO-1 diffuse X-ray background 3-400 keV, plus points from

300 ke V to 10 Me V lTrombka et al., 1977] and from 35 to 100 Me V [Fichtel,

Simpson, and Thompson, 1978]. The dashed line represents the 2-165 keV

power law spectra contribution from active galaxies under the assumption

of a low luminosity cutoff at 3.5 x 1042 ergs s -1 [for a single power law

luminosity function of index 2. 75; see Piccinotti et al., 1982]. The solid line

represents the contribution under the assumption of a break in the luminosity

function index of one at 1 × 1043 ergs s- 1. The dotted line is an extension

of the model to 4 MeV to guide the eye. The error bars at the beginning of

the dashed and solid lines represent the uncertainty in the intensities due to

uncertainties in the luminosity function. LED stands for the 12-165 keV Low

Energy Detector, and MED stands for the 80-400 ke V Medium Energy Detec-
tors of the UCSD/MIT A-4 experiment [Rothschild et al., 1983]. The curve

shown for the background (3-40 keV) is the best-fit to data obtained with

the GSFC detectors of the A-2 experiment [Marshall et al., 1980].
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wherethereisanapparentpaucityof canonicalquasars[Osmer,1982;Schmidt
andGreen,1983],thischaracteristicenergywouldbesomewhatgreaterthan
100keV.

The 3-100 keV "thermal" spectrum of the overall extragalactic sky (i.e., before

removing any estimated contributions from unresolved "foreground" sources)

may be approximated by the following expression:

dI/dE = A [E/(3 keV)]-_ exp(-E/B)

where E is photon energy (in keV), A = 5.6 keV/(keV cm 2 S sr), B = 40 keV

and c_ = 0.29. This is to be contrasted with the broadband spectra for in-

dividually resolved sources in the present epoch. We here characterize these

known discrete source spectra in terms of the same spectral form used above

for the overall CXB. Accordingly, the ensemble average spectrum for clusters

of galaxies may be described by an optically thin thermal model fixed by B
= kT -- 7 keV [Stottlemyer and Boldt, 1984], and o_ = 0.4; however, the

contribution of such clusters is only a few percent [McKee et al., 1980]. Low

redshift AGN such as Seyfert galaxies make a much more substantial con-

tribution to the CXB (see Figure 9) and, for the brightest observed, have spectra

characterized by a -- 0.7 [Mushotzky, 1984] and B > 100 keV [Rothschild

et al., 1983]. Considering 25 quasars brighter than visual magnitude 16 (with

mean redshift z = 0.37), Worrall and Marshall [1984] have correlated data

from HEAO-1 (A2) and HEAO-2 to obtain that the broadband spectrum of

the ensemble may be characterized by an energy spectral index ct = 0.8( + .3,

- .2). Although the spectrum for this ensemble of quasars (mostly radio-loud)

is compatible with that for Seyfert galaxies there is now some evidence from

HEAO-2 that the low energy spectra (E < 3 keV) for quasars in a true op-

tically selected sample are somewhat steeper [Elvis, 1985]. Steeper AGN spectra

such as these would further aggravate the discrepancy with the CXB spec-

trum below 10 keV already noted for Seyfert galaxies.

Taking a = 0.6 -- 0.9 for AGN and B -- 7 keV for clusters of galaxies, the

foreground spectrum arising from the composite of all these sources has been

estimated [Leiter and Boldt, 1982, Appendix D]; with the normalization

adopted, it amounts to 30% of the CXB over the band 3-10 keV. Subtracting
this foreground from the spectrum of the overall CXB yields that of the residual
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CXBwhichwemayusefor characterizingthoseextragalacticsourcesyetto
beidentified.As shownin Figure10,for E< 10keVthisresidualbackground
isclearlyflatter thanthatof thetotal CXB. ForE >> 40keV,weexpectthat
Seyfertgalaxieswill dominatethe total background[Bignamiet al., 1979;
Boldt,1981;Rothschildetal., 1983],withtheresidualCXBbecomingrelatively
small[seediscussionof spectralmodelby LeiterandBoldt,1982].In terms
of thespectralform usedheretheresidualCXB itselfmusthaveot< 0.2and
B = 23 -- 30 keV. As shown in Figure 11 a good fit is obtained with ot =
0 and B = 23 keV. The main sources of the residual CXB should exhibit such

a spectrum.

The spectrum for optically thin thermal bremsstrahlung by a hot Maxwellian

plasma may be well approximated (over the band 3-100 keV) by an expres-

sion of the form used above for the CXB. In particular we note [Maxon, 1972]

that _ = 0.19 for kT = B = 200 keV. Hence, the requirement that c_ < 0.2

for the residual CXB (as viewed by the observer) implies kT > 200 keV at
the sources of emission. Under the condition B = 23 -- 30 keV for the observed

redshifted spectrum these sources would have to be located at z > 6 (i.e., well

beyond any known quasar). While "protogalaxies" rich in supernovae at high

redshifts could well yield hot X-ray emitting galactic winds, the anticipated
temperature [Bookbinder et al., 1980] might not be hot enough. Galaxy for-

mation in an IGM (intergalactic medium) dominated by explosions, however,

might give rise to a suitably hot phase [Ostriker and Cowie, 1981]. As em-

phasized by Fabian [1981], heating of the IGM to kT > 200 keV at high red-

shifts could provide a "natural" explanation for the spectrum of the residual

CXB. According to this scenario [Guilbert and Fabian, 1986], the IGM is
heated at a redshift z < 6 to an energy density about 40% of that in the

microwave background; it initially cools mainly via Cornpton scattering with

the microwave background (for z > 3.5) and subsequently cools by adiabatic
expansion, decreasing in temperature to kT < 20 keV after a Hubble time.

Between 20% and 50% of the closure density of the universe would be in

this hot IGM; it would contain most of the baryons in the universe. The
cosmological implications of the hot IGM hypothesis are obviously very im-

portant. While reducing the absolute magnitude of the residual CXB (i.e.,

increasing the level estimated for the foreground power law spectrum attributed

to unresolved AGN) would mitigate the severe cosmological confrontation
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for those data points where they exceed the size of the dots.

involved with this model, it would in fact destroy the amazingly good spec-

tral agreement achieved with it over a broad bandwidth.

If we assume that the CXB is dominated by the integrated contributions of

AGN in all their various stages of evolution, then the residual CXB spectrum

may be used as a constraint on the as yet unresolved sources indicative of
the youngest AGN (i.e., those of highest redshift). For example, based on
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a model of black hole disk accretion [Leiter and Boldt, 1982], a picture emerges
in which:

(1) Young AGN emission occurs mainly in the X-ray band, arising from

highly compact sources (i.e., a few times the gravitational radius of the

central supermassive black hole in size) radiating at the Eddington
luminosity limit.

(2) Canonical AGN represent later stages (less compact) exhibiting a

broadband power law spectrum extending to the gamma ray regime.

Young AGN characteristic of the residual CXB could then be relatively weak

optical sources [Boldt and Leiter, 1984], possibly explaining the apparent pau-

city of canonical quasars at z > 3.5. The hot, optically thin, inner disk X-ray
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emission characteristic of young AGN would be diminished at a later stage,

but optically thick radiation from a cooler disk may explain the "UV bump"

observed for AGN [Malkan and Sargent, 1982]. In a similar sense, the residual

CXB that appears above the broadband nonthermal continuum spectrum of

the overall background (see Figure 1) may be viewed as indicative of a "ther-

mal bump" dominating the emission of young AGN.

In our discussions interpreting the residual CXB we have implicitly assumed
that the background observed is the superposition of radiation coming directly
from all the sources of emission in the universe. This is the kind of arithmetic

prescribed by any standard cosmology which excludes the possibility of a
cosmological albedo due to the entire universe in which all the sources are

embedded. With Friedmann cosmology, which is not temporally homogeneous,

once radiation is emitted it propagates away never to return. In any temporally

homogeneous model based on a closed space, however, the radiation may

circulate many times around before it is scattered or absorbed [Segal, 1985].

As viewed by Segal [1983] the microwave background could thereby be in-

trinsically diffuse cosmological albedo arising from dust. If such is the case,

then the cosmological albedo responsible for the residual CXB would prob-

ably be due to Compton scattering from gas and plasma. Because of radiative
transfer effects associated with Compton scattering such an albedo would occur

mainly at energies less than mc 2, explaining the possible absence of any

significant amount of genuinely diffuse background above a few hundred keV.

4. ISOTROPY

When viewed over large angular scales at high galactic latitudes the CXB is

essentially isotropic [Boldt, 1981; Shafer, 1983; Shafer and Fabian, 1983].

A small global anisotropy observed in the overall background (> 3 keV) is

due mainly to our galaxy. This galactic component accounts for about 2%

of the background at high latitudes; characterized by kT = 9 keV its spec-

trum is softer than that of the CXB [Iwan et al., 1982]. The observed small-

scale fluctuations of CXB surface brightness may be ascribed to statistical

variations in the population of unresolved discrete sources [Shafer, 1983]
among the pixels examined. The number-flux relation (N oc S-1.5) for the

bright extragalactic X-ray sources (> 3 keV) observed with HEAO-1 [Piccinotti
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et al., 1982]maybeextrapolatedto theregimeof unresolvedfaint sources
neededfor evaluatingsuchfluctuations.Assumingtypicalsourcespectra,this
extrapolationis consistentwith the number-fluxrelationfor faint sources
directlyobtained[Gioia et al., 1984] from HEAO-2 observations (< 3 keV).
The apparent surface brightness fluctuations arising from those sources in

this population unresolved with HEAO-1 are found to be statistically consis-

tent with the variations observed [Shafer, 1983]. The upper limit to any residual

variations implies that sources fainter than those already detected in the

HEAO-2 deep survey [Giacconi et al., 1979b] can make only a relatively small

contribution to the total fluctuations. Assuming an energy spectral index

c_ = 0.7, the flux threshold So(1-3 keV) = 2.6 x 10 -14 ergs cm -2 s -1 for the

source sample obtained in this deep survey corresponds to So(3-10 keV)
= 4.0x 10 -14 ergs cm -2 s -1. With this scaling, the population of sources

represented by the HEAO-2 sample accounts for only 18( + 7, -7)% of the
CXB (3-10 keV). Hence, it is evident that the CXB flux itself must be

dominated by sources other than those responsible for most of the fluctua-

tions. This means that the number of sources fainter than the HEAO-2 deep

survey limit must be relatively high [Shafer, 1983] or that the CXB is largely
diffuse.

Models for the origin of the CXB attribute it to numerous, weak, unresolved

discrete sources (e.g., low luminosity AGN, as discussed by Elvis, Soltan, and

Keel, 1984), to some diffuse mechanism (e.g., thermal bremsstrahlung from

a hot IGM), or to an unresolved population of discrete sources which evolve

substantially with redshift (e.g., quasars). Turner and Geller [1980] have shown

that comparison of the CXB surface brightness variations with flux varia-

tions in the integrated light from galaxies can measure the relative contribu-

tions of these possible sources of the CXB. Applying the technique to Uhuru

data, they find that the absence of correlation between the optical flux varia-

tions and the X-ray flux variations sets an upper limit of about 50% on the

fraction of the CXB originating with any classes of X-ray sources substan-

tially represented among bright (mpg < 15.5) galaxies. The data are consis-
tent with nearly all of the CXB being due to diffuse emission or to a class

of sources whose density and/or luminosity increases rapidly with redshift.

Further studies of such correlations (or limits on them) are being carried out

with HEAO-1 (A2) data on the CXB [Persic et al., 1986], including a direct
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comparisonwith the infrared sky as observedwith the IRAS (Infrared

Astronomy Satellite).

Since the HEAO-1 mission surveyed the sky with scan paths that follow great

circles which always traverse the ecliptic poles, the most straightforward and

reliable way to investigate possible weak global anisotropies of the CXB in-

volves referring data to ecliptic coordinates. Figure 12 shows the geometry
to be considered, expressed in ecliptic coordinates; latitude is/3, longitude

is ),. In this representation, supplementary longitudes k and (k + 180 o) are

used to identify the dual traces of any given great circle scan path. The loci

of galactic and supergalactic equator crossings are shown by the curves labeled

as such. Some specific directions of particular interest cluster together in the

general vicinity of )_ = 180 o and are separately identified by numbers, as
follows:

#1 (at k = 185 o) gives the direction of the dipole anisotropy character-

istic of the microwave background, as measured by Smoot, Gorenstein,

and Muller [1977].

#2 (at k = 164 °) gives the direction of the microwave dipole anisotropy,
as measured by Cheng et al. [1979].

#3 (at k = 184 o) gives the direction of the Virgo Cluster near the center

of the Supergalaxy [de Vaucouleurs, 1958].

#4 (at k = 170 °) is the solar velocity direction relative to distant galaxies

[Hart and Davies, 1982] and, within errors, is consistent with the pre-

ferred direction for the microwave background.

The preferred direction to be associated with the microwave background is

close to the ecliptic equator, which makes the investigation of correlations

particularly well suited to studies carried out with HEAO-1. To minimize galac-

tic effects (i. e., by avoiding appreciable variations of galactic latitude relative

to this direction) only those data corresponding to a band within 24 o of the

ecliptic equator are considered here; this band is outlined on Figure 12 with
dashed lines. Even so, unavoidable galactic effects do become important when

considering longitudes close to where the galactic equator crosses the ecliptic
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Figure 12. Special directions on the celestial sphere, expressed via ecliptic coor-

dinates, in degrees (latitude: _, longitude: X). The galactic and supergalactic

equators are indicated by solid curves. The galactic center and anti-center are
denoted by galactic longitudes _ = 0 and _ = 180 °, respectively Reference

supergalactic longitudes are donated by SGL = 0 and SGL = 180 °. The dashed

lines outline the band within 24 o of the ecliptic plane used for evaluating

anisotropies (see texO. #1 (X = 185 o) and #2 (X = 164 °) indicate the direction

of the dipole anisotropy of the microwave background as determined by Smoot
et al. [1977] and Cheng et al. [1979], respectively #3 (t = 184 o) is the direc-

tion of the Virgo Cluster and #4 (X = 170 o) is the direction of the solar velocity

relative to distant galaxies [Hart and Davies, 1982].

plane (i.e., at k = 89 o and X = 269 0). Excluding the contribution of resolved
sources, the average surface brightness for the band within 24 o of the ecliptic

equator has been determined as a function of ecliptic longitude. Deviations
from isotropy so obtained are represented in Figure 13.

The circle shown in Figure 13 represents isotropy. Percentage deviations up
to about one percent are here plotted as a function of ecliptic longitude (X).

Each interval corresponds to a region of about 8 × l0 2 square degrees for

which the average surface brightness is determined to a statistical uncertainty

(one sigma) of 0.1% to 0.2%, arising from photon counting noise; the root
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HEAO-1 (,42) in all-sky survey. The one-sigma error bar shown corresponds

to photon counting statistics. Special directions indicated are for the microwave

dipole anisotropy results of Smoot et al. [1977] denoted by (a) and Cheng

et al. [1979] denoted by (b), and the longitude where the supergalactic plane

crosses the ecliptic equator (c). Surface brightness deviations for those eclip-

tic longitudes close to the galactic equator (i.e., near X = 89 ° and X = 269 °)
are indicated with dashed lines.
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meansquared(rms)fluctuationin apparentsurfacebrightnessamongsuch
intervals,dueonlyto unresolvedfaintsources,isestimatedto beabout0.3go.
Thegalacticplanecrossestheeclipticequatorat )_= 89°and), = 269°;those
deviationsin isotropyexpectedto be influencedmostbythis areshownas
dashedlines.In this representation,thepreferreddirectionsof interestare:

(a) thedipoleanisotropyof themicrowavebackgroundasdeterminedby
Smootet al. [1977]

(b) thedipoleanisotropyof themicrowavebackgroundasdeterminedby
Cheng et al. [1979]

(c) the longitude where the plane of the Supergalaxy crosses the ecliptic

equator

Considering only the solid portion of this plot, where galactic effects should

be minimal, a weak residual large-scale asymmetry of the CXB becomes evi-

dent, one that repeats for independent sky surveys carried out with HEAO-1
at six-month centers.

Within estimated errors, the motion of the Sun relative to the backdrop of

galaxies extending out to 70 Mpc [Hart and Davies, 1982] is consistent with

the velocity vector inferred from a Compton-Getting [1935] interpretation of

the dipole anisotropy observed for the cosmic microwave background. Based

upon data from the HEAO-1 A2 cosmic X-ray experiment, the large-scale

anisotropy of the CXB also appears to be compatible with such an interpreta-

tion [Shafer, 1983; Shafer and Fabian, 1983]. Considering the relatively large

uncertainties involved, however, the anisotropy of the CXB is also consistent

with an interpretation based on a possible component of the extragalactic back-

ground correlated with a direction defined by the physical center of the

Supergalaxy [Boldt, 1981; Shafer, 1983], at the supergalactic longitude (104 °)

associated with the Virgo Cluster, Furthermore, the amplitude of large-scale

variations in the X-ray background associated with the Milky Way at high

galactic latitudes might not be small in magnitude relative to the anisotropy

attributed to the extragalactic background [Iwan et al., 1982]. In order to obtain

a diagnostic of these possible complications, we postulate that the dipole
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anisotropyof thecosmicmicrowavebackgroundprovidesa preciseindica-
tionof thedirectionof theobserver'svelocityrelativeto theproper(co-moving)
frameof theCXB andexaminetheenergydependenceof thefore-aftasym-
metryof the X-raybackgroundrelativeto this directionasa reference(see
Figure14).

Thefore-aft asymmetryarisingfrom theobserver'svelocityv/c (in unitsof
thevelocityof light) relativeto theproperframeof anisotropicbackground
of electromagneticradiationhavingaspectrumof theform usedherefor the
CXB is givenby:

AI/I = (v/c)[1 + cos(8)] [3 + et + (E/B)]

where/_ is the half-cone angle defining the two opposite regions of the sky

relative to the axis of motion; for the total CXB, ot = 0.29 and B = 40 keV.

It is important to note that this Compton-Getting asymmetry increases with

photon energy, becoming most pronounced for E > B. On the other hand,

if there is a spatial inhomogeneity in the emission responsible for a background

component characterized by a spectrum that is softer than the overall

background (e.g., thermal emission with kT < 40 keV), then the correspond-

ing asymmetry in the background flux would decrease with photon energy.

In fact, we already know of two such X-ray background components

characterized by kT < 40 keV. In particular, the unresolved galactic emission

(E > 3 keV) at high latitudes may be described with kT = 9 keV [Iwan et

al., 1982] and the background component due to clusters of galaxies may be
characterized by kT = 7 keV [Stottlemyer and Boldt, 1984].

Corresponding to Figure 14 the ratio (R) of the fore-aft asymmetry for the

band (10.3 - 20) keV to that for the band below 10.3 keV is given by R
= 1.72( + 0.40, -0.40). This value for R (considering two-sigma statistical

uncertainty) is compatible with the Compton-Getting effect as an explana-

tion for the observed asymmetry (see Figure 14) but is incompatible with an

explanation based on any anisotropic thermal background components having

kT _< 9 keV. However, an anisotropy in the foreground distribution of faint
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Figure 14. The fore-aft asymmetry (AI/I) of the cosmic X-ray background,

as measured with the HEAO-1 (,42) experiment, is exhibited as a function

of photon energy E(keV). The reference direction is that defined by ecliptic

coordinates: fl (latitude) = 0 ° and X (longitude) = 178 °, corresponding to

(declination) = 1 ° and a (right ascension) = 178 °. The average surface

brightness for a region 48 ° x 48 ° (Aft x AX), centered on the reference direc-

tion, is compared with that for an equivalent region in the opposite direc-

tion. Resolved sources, brighter than 2.1 x 10 -11 ergs cm -2 s -1 (2-10 keV),

have been excluded in the sample analyzed. Data were obtained with xenon

gas proportional counters (high energy detectors HED-I and HED-III) and

an argon counter (MED: medium energy detector) during the 48-day interval

when great-circle scans with HEA 0-1 covered the regions of the sky considered

here. The one-sigma errors shown correspond to photon counting statistics.

Dashed lines indicate the asymmetry expected for the Compton-Getting ef-

fect (normalized to the value measured for the band 1.3-10.3 keV).
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unresolvedextragalacticsources(e.g., correlated with the Supergalaxy), ex-

hibiting spectral indices a _ 0.7, can not now be ruled out as a major cause
of the asymmetry observed for the CXB.

The absolute precision of the CXB asymmetry measured with HEAO-1 (A2)

below about 20 keV is limited by fluctuations in apparent surface brightness
arising from unresolved faint foreground sources and not by the number of

photons detected (i.e., this is the case for the two lowest energy bins exhibited

in Figure 14). If the surface brightness measured could be isolated to those

small pixels (i.e., of arc-minute size) devoid of foreground sources [down to

a level corresponding to the limiting sensitivity SO of the HEAO-2 Einstein
Observatory; Giacconi et al., 1979b], then the large-scale CXB anisotropy

could be determined to a precision comparable with that for the cosmic

microwave background. In this way, the CXB could be used for determining

the vector velocity of the co-moving frame in which to examine anisotropies

intrinsic to the cosmic microwave background, an issue that is central to the
observational basis of modern cosmology.

5. OUTLOOK

The residual CXB needs to be measured directly; this will involve resolving

out discrete sources in the background. The magnitude and fluctuations ex-

pected for the integral contribution of these individual sources to the CXB

at any given energy band may be obtained from the corresponding log(N)-

log(S) relation that describes the counts of such sources. It is usual to

characterize this relation by an index 3', generally a weak function of S, defined

by

3'(S) = - d[log(dN/dS)]/d[log(S)].

For Euclidean space 3, = 2.5. For the case of non-evolving sources (i.e., con-

stant co-moving density and invariant source characteristics) standard

cosmological models have 3' = 2.5 only for the brightest (nearest) sources,

with 3' becoming smaller as S decreases. Since the extragalactic foreground
sources detected with HEAO-2 exhibit a log(N)-log(S) relation consistent with
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_/ = 2.5 (i.e., N oc S -1.5) all the way down to the Einstein Observatory's

survey limit (So), we must consider the effects of evolution. Limiting the
HEAO-2 sample to AGN alone yields -y = 2.71 ( +. 15, -. 15), indicating that

this evolution is probably substantial [Gioia et al., 1984]. By contrast, the

number-flux relation for the subsample made up of clusters of galaxies is

characterized by _, = 2.04(+ .23, -.23), less than the Euclidean value (as

anticipated).

The AXAF (Advanced X-ray Astrophysics Facility) to be co-orbiting with

the Space Station will have the capability of resolving hard X-ray sources (3-10

keV) contributing to the CXB. The sensitivity for detecting point sources with

the AXAF focusing X-ray telescope is expected to be one to two orders of

magnitude better than that for the HEAO-2 Einstein telescope [Zombeck and

Ramage, 1983]. The fraction of the CXB yet to be resolved into discrete ob-

jects depends on the source number-flux relation at S < So; power law ex-
trapolations using _/ = 2.5(+ 0.5, -0.5) are exhibited in Figure 15 for pur-

poses of estimation. Assuming that the CXB point-source contribution to be
resolved with the AXAF telescope arises mainly from AGN with canonical

spectra (a = 0.7) and that the number-flux relation persists to about 0.1S
O

with _ >t 2, we note that the resolved portion would be in excess of 35 a/0(for
the band 3-10 keV). Since the 3-10 keV spectrum of the CXB is significantly

flatter than that of such AGN, however, their contribution over this band

could not be this large [De Zotti et al., 1982]. As exhibited in Figure 15, the

number of such resolved sources is expected to be much less than one per

square arc-minute pixel.

Based on data from the imaging proportional counter in the focal plane of

the Einstein Observatory telescope, Hamilton and Helfand [1986] have already

investigated the surface brightness of the X-ray background (1-3 keV) with

arc-minute resolution, thereby obtaining upper limits on small-scale fluctua-

tions which suggest that the residual CXB could very well be predominantly

diffuse. If due to point sources, they find that the number needed would have

to exceed 5 × 103 degree -2, much larger than the estimated total number of

quasars [Schmidt and Green, 1986]. Assuming that these sources are at z x<

4 (with fl = 1) the residual CXB spectrum (see Figure 11) implies that their

average X-ray luminosity would have to be less than 1045erg s- 1. If these ob-
jects are precursor AGN whose thermal X-radiation is at a level close to the
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Eddington luminosity limit (see Section 3), then the characteristic central com-

pact mass involved has to be less than that measured for typical Seyfert galaxies

in the present epoch [Wandel and Mushotzky, 1986], as expected.

Considering that a fraction (f) of the residual CXB over the band 3-10 keV

(having the spectrum indicated in Figure 11) arises from a presently unknown

population of faint discrete hard X-ray sources, their average flux would be

given by

<S(3 keV-10 keV)> = 2.6 × 10-15(f/N) ergs cm -2 s -1

where N is the number of such objects per square arc-minute. For the average
source in this population to be detectable with AXAF would require N < (4f)

per square arc-minute. This overall performance level is probably sufficient

for the study of that particular candidate population of young precursor AGN

sources already postulated for the residual CXB [Leiter and Boldt, 1982]. The

portion (I-f) of the residual CXB unresolved with AXAF (e.g., due to a dif-

fuse component) would yield a photon flux density at the focal plane of the

telescope equal to 1.4× 10-5(I-f) mm -2 s -1 for the band 3-10 keV. Since the

internal background for imaging X-ray detectors over this energy band is

generally on the order of 10 -5 mm -2 s -1 or greater, unresolved and/or dif-

fuse components of the residual CXB may not be very well suited for study

with the AXAF telescope. "Faster" optics are desirable for such weak sur-

face brightness investigations, but the angular resolution might not need to

be better than an arc-minute for isolating those pixels to be studied which

are devoid of foreground point sources (see Figure 15).

If the residual CXB is dominated by point sources having S > 0.01S ° then
they will be detectable with AXAF and their average spectrum can be deter-

mined. As shown by Worrall and Marshall [1984], based on HEAO-1 data,

the residual CXB spectrum over the band 3-10 keV is clearly incompatible

with ot > 0.68 (i.e., the 90_/0 confidence lower limits to the spectra index

characterizing their quasar sample). Over this band suitable to AXAF, the
sources of the residual CXB should exhibit an average spectrum with ot =

0.29 (see Figure 16), indicating a population of objects that are distinct from
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the AGN X-ray sources already studied (see Figure 6). This would be consis-

tent with the conclusion reached by Narlikar and Burbidge [1983] who, con-

sidering the upper limit to the extragalactic night sky background light, find

it to be unlikely that canonical quasar-like objects dominate the CXB (i.e.,

the ratio of X-ray to optical emission must be extraordinarily large for the

principal sources of the CXB).

If much of the residual CXB is due to a hot IGM, then there would be spatial

structure to this sky background on a scale defined by the clumping of the

gas. In this connection we note that the large-scale structures associated with

galaxy clustering in recent epochs (e.g., superclusters, giant voids) may be

remnant indicators of the distribution of relatively young matter at the epoch

of galaxy formation [Oort, 1983]. Assuming a present-epoch scale _ 0.04

(C/Ho), as described by Bahcall and Burgett [1986], the related structure at
any epoch would appear to us with an angular scale greater than the field

of view (- one degree) of the AXAF telescope.

Direct measurements of the residual CXB over a bandwidth sufficiently large

to cover the spectrum (i.e., AE > B) are beyond the capability of already
developed focusing X-ray optics. The sensitive all-sky survey of soft X-rays

(< 2 keV) to be provided by the focusing X-ray telescope of the forthcoming

Roentgen Satellite (ROSAT) [Trumper, 1984] is likely to be complicated by

galactic emission. Although the precise direction to be associated with the

dipole anisotropy of the residual CXB (up to 10 keV) could be obtained via

an all-sky scan with a broadband "fast" focusing X-ray telescope [such as

developed by Serlemitsos et al., 1984], a verification of the Compton-Getting

velocity interpretation would still require examining how the anisotropy varies

at substantially higher energies.
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ABSTRACT

The contributions of the Goddard group to the history of X-ray

astronomy are numerous and varied. One unique role that the group

has continued to play involves the pursuit of techniques for the

measurement and interpretation of the X-ray spectra of cosmic
sources. The latest development in this story has been the selection

of the new X-ray "microcalorimeter" for the AXAF study payload.

This technology is likely to revolutionize the study of cosmic X-

ray spectra.

1. INTRODUCTION

X-ray astronomy is currently more than 20 years old, as measured from the

first unambiguous discovery of extra-solar X-rays [Giacconi et al., 1962]. Ex-

perimental research during this first generation may be broadly classified into

four main types of measurement: timing, imaging, p01arimetry, and spec-

troscopy. This review is meant to concentrate primarily on the latter, with

specific attention paid to the contributions made by the group at GSFC which

was created and nurtured by Frank McDonald.

During the first decade of X-ray astronomy, timing measurements represented

the most important channel of investigation. Direct measurements of periodic

and Doppler-effected periodic variability signaled the very nature of the strong
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X-rayemittersin thegalaxyasaccretingneutronstarsin binarysystems[cf.
Schreieretal., 1972].Thevalueof timing measurementshasnot diminished,
asnewdiscoveriescontinueto bemadevia thetimingchannel[e.g.,"QPOs",
or quasi-periodicoscillations,from somebrightgalacticbulgesourcesbyVan
derKlisetal., 1985,usingEXOSATdata], andnewcapabilitiescontinueto
beplanned(e.g.,theJapanesemissionASTRO-CandtheExplorermission
XTE).

Theadventof substantialX-ray imagingcapabilitywith theEinsteinObser-
vatory(HEAO-2),launchedin 1978,allowedsensitivitiesfor pointsourceand
morphologicalstudiessufficientto makeimaginganimportantresearchtool
[Giacconiet al., 1979].This trendwill continuewith the cooperativeGer-
man/U.S,missionROSAT,andwill beconsiderablyexpandedwith thead-
ventof the major observatoryAXAF.

Polarimetryis extremelydifficult for X-ray astronomicalsources,andonly
asinglespace-borneinstrumenthasthusfar beenattempted.It achievedim-
portantconfirmatoryevidencefor thesynchrotronnatureof theX-rayemis-
sionfrom theCrabnebula[Weisskopfet al., 1978],but that first instrument
lackedthesensitivityto measuretherequiredfewpercent(orbetter)polariza-
tion inmuchweakersourcesnecessaryto allowpolarizationto becomeamore
generallyusefultool for X-ray astronomicalresearch.

Whileallfourchannelsofferimportantandcomplementaryinformation,spec-
troscopyhassteadilyachievedincreasingimportanceasX-rayastronomyhas
matured.Thisreview will concentrate on the "new" X-ray spectroscopy, i.e.,

that which has sufficient resolving power to be concerned with measurements
of discrete line features rather than just with continua.

2. INSTRUMENTAL CONSIDERATIONS

Virtually all pre-Einstein X-ray spectroscopy was performed with proportional

counters, which have a resolving power limited by the nature of the atomic
interactions in the counter gas (which follow the primary photoabsorption)

to R = E/tSEFwHM -- 3Ekev'/2. Early attempts by the GSFC group to search
for Fe emission with such counters [Holt, Boldt, and Serlemitsos, 1969] led

to the development of large multi-wire proportional chambers which were
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ultimatelyrewardedwithpositivedetectionsof thermalFeemissionfromsuper-
novaremnants[Serlemitsoset al., 1973]and fluorescentFe emissionfrom
coldmaterialsurroundingtheionizationsourceingalacticX-raybinarysources
[Serlemitsoset al., 1975].

Gasscintillation counters, which shortcut the atomic interactions subsequent

to primary photoionization, are limited to a resolving power which is higher

by a factor of two. Such detectors have successfully been flown on the Euro-
pean EXOSAT and Japanese "Tenma" missions.

Even higher resolving powers in photoelectric detectors can be achieved by
using semiconductors instead of gas as the detection medium. The most suc-

cessful such instrument for X-ray astronomy has been the SSS (solid-state

spectrometer), a cryogenically cooled silicon chip with resolving power R -

6Ekev provided by the GSFC group to the Einstein Observatory (HEAO-2).
Like other charge collecting proportional devices, Si(Li) can have detection

efficiency approaching unity over its entire bandpass simultaneously. Dispersive

devices, such as the Einstein FPCS (focal plane crystal spectrometer, with

R - 100) and the OGS (objective grating spectrometer, with R - 30), have

already demonstrated great analytic power with observations of a few of the

brighter sources. Such instruments can be designed to have R > 1000, but

will require very large collecting areas to be generally useful for a large number

of sources because of their low effective photon detection efficiencies. Next

generation FPCS and OGS systems have been conditionally selected for the

initial complement of AXAF instruments.

Similarly selected is a novel new X-ray spectrometer currently under develop-

ment at GSFC which is capable, in principle, of combining the high efficiency

and bandwidth of the photoelectric devices with the high resolving power of

the dispersive devices. The "microcalorimeter" consists of a supercooled chip

in which an X-ray is photoelectrically detected and its energy is totally ther-
malized, with the resultant - 10-16 joules measured via the rise in tempera-

ture of the chip. The system is expected to exhibit a resolving power R > 1000
for Fe- K lines.

The problem of translating from photons detected in a spectrometer to a source

spectrum is not trivial, and it is important to recognize that the interpreta-

tion of an observation can depend upon the analysis procedure employed.
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Therawdataareaconvolutionof theactualinput photonspectrumwith the
responsefunctionof thespectrometer,but their inversionto a derivedinput
spectrumis not unique.

Theconventionalinversionisa model-dependentprocedurethatrequiresthe
observerto havesomeapriori knowledgeof theactualspectralform, sothat
it canbecharacterizedbyalimitednumberof adjustableparameters.Typical
fitting parametersareamplitudeandshapeof continuum(e.g., powerlaw
indexwith exponentialhighenergycutoff), strengths(andpossiblyenergies)
of emissionlinesandphotoelectricabsorptionedges,andlowenergyphotoab-
sorptionby interveningcoldmatter.Simulateddetectorcountspectraarecom-
putedfromtheassumedspectralforms,andthemodelparametersarevaried
to achievethebestfit to theactualdetectorcounts.With thisprocedure,spec-
tral featuresblurredby thedetectorresponsecanbeenhancedfor display,
asillustratedin Figure1. Itshazardis thatunanticipatedfeaturesareforced
to berepresentedbytheassumedparameterssothat, for example,an intrin-
sicallybroadlinemightemergeasadoubletif only sharplinesareassumed.
If thelinesaretotally resolved,however,muchof thisambiguitydisappears.

3. X-RAY SPECTRALCATEGORIZATION

Thevarietyof X-ray sourcespresenta varietyof observationalmanifesta-
tions;in somecases,X-rayspectraprovideuniqueopportunitiesto gaincrucial
insightinto the natureof sources.

Since line emissionceasesto be the dominant cooling mechanismof
astrophysicalplasmasfor temperaturesexceeding- 1keV,X-rayspectraare
primarily characterizedby their continua.Thesimplest(at leastspectrally)
of thesearethefeaturelesspowerlawsproducedby theinteractionof power
law distributionsof cosmicray electronswith ambientmagneticfields.The
Crabnebula,for example,isthearchetypeof suchapuresynchrotronsource,
in whichweobservethesingleinteractionof astrophysicalparticlesandfields.

Almost assimple,in the sensethat it is alsoa single-parametercontinuum,
is the blackbodyspectrumwhichcharacterizesthe otherextreme,i.e., the
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Figure 1. Data from an exposure to the Perseus cluster of galaxies taken with

the Goddard HEA 0-1 A2 proportional counter experiment. The lower points,

for which the right-hand scale is appropriate, are the raw data in energy-

equivalent pulse-height channels. The higher points, for which the left-hand

scale is appropriate, represent the most probable input spectrum consistent

with the assumption ofan equilibrium thermal spectrum. Note, in particular,
that the Ka and Kl3 Fe emission lines at 6. 7 ke V and 7.9 ke V can be enhanced

for display by this model-dependent spectral inversion process.
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manifestationof sufficientinteractionsbetweenparticlesandphotonsthat
completethermalizationhasoccurred.X-ray "bursts" arisingfrom nuclear
burningepisodeson thesurfacesof neutronstars,for example,appearto ex-
hibit theseclassicspectra.

Thepreponderanceof X-raysourcestypicallyexhibitintermediatecontinua
in thesensethatelectronscatteringplaysarolein theformationof theobserved
spectra.This is true for themodifiedbremsstrahlungof thegalacticbinary
systemswhichcontainwhite dwarfs,neutronstars,or black holes,aswell
asfor theactivegalacticnucleiwhichusuallydisplaya characteristicpower
lawspectrawith indext_ - 0.7. Of particular relevance to this paper are the
fluorescent line features which have been observed from both types.

Finally, the optically thin "thermal" spectra at "X-ray temperatures" of a

variety of astrophysical system types provide the richest line spectra available

to the next generation of instruments for X-ray spectroscopy. Optically thin

plasmas offer a well studied starting point for comparison with actual X-ray

source spectra. Although equilibrium and isothermality over the whole source

volume may be a simpler situation than can be expected to obtain in general,
less ideal sources can be modeled as a distribution of gases which exhibit ther-

mal characteristics. The gas may be in local collisional equilibrium, so that

the electrons will have local Maxwellian distributions with kinetic temperature

T, while ions of charge Z may have the population fraction they would have

in collisional equilibrium at a different temperature. The gas can have bulk

motion, and parts of the source can be moving relative to one another. In

complex sources, a nonthermal continuum may need to be taken into account,
as well.

4. OPTICALLY THIN THERMAL SOURCES

In many astrophysical contexts, an X-ray-emitting plasma is sufficiently

transparent that the emergent spectrum faithfully represents the microscopic

processes occurring in the plasma. At temperatures T > l0 s K, almost all
abundant elements are fully ionized, and the X-ray emission is dominated

by bremsstrahlung from hydrogen and helium. At lower temperatures,
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however,traceelementsretaina fewatomicelectrons,and their contribution

to the emissivity of the plasma cannot be ignored. Because cross-sections for

electron impact excitation of such ions far exceed those for bremsstrahlung

or radiative recombination, line emission from Z > 7 constituents actually

dominates the cooling from a plasma with 104 < T < 10 7 K, even though
these trace elements represent only - 10 -t of the plasma composition by
number.

A theoretical model is needed to infer physical parameters such as temperature,

element composition, and density from the observed spectrum of an optically

thin plasma. To construct such a model requires knowledge of the ionization

state of each element, which is controlled by electron impact ionization and

radiative and dielectronic recombination. If the plasma is maintained at con-

stant temperature and density for a long time compared to the timescales for
these microscopic processes, the ionization of trace elements relaxes to a sta-

tionary state that depends primarily on electron temperature and weakly on

density. This stationary ionization balance assumption was first employed to

interpret the solar corona, and many such "coronal models" have been

calculated. An exemplary model spectrum is shown in Figure 2.

Such spectra are rich in emission lines and offer the opportunity to deduce

many properties of the emitting gas when sufficient resolving power and sen-

sitivity are available. The main emission complexes from Kt_ transitions of

helium-like and hydrogenic ions of abundant elements such as O, Ne, Mg,
Si, S, Ar, Ca, and Fe, become distinct with resolving power R > 10. A

temperature may be inferred from the relative strengths of the helium-like

and hydrogenic lines from a given element, but its validity depends on that

of the stationary ionization balance assumption. A measure of temperature

that is independent of that model assumption may be obtained from the ratio

of I_ to Kct transitions of a single ion if there is sufficient sensitivity to separate

the weaker Kfl from Ka. With R > 100 a variety of more powerful temperature

and density diagnostics become available. Satellite lines resulting from dielec-

tronic recombination may be used as temperature diagnostics, and the Ks

complexes of helium-like ions can be resolved into their resonance (21p), in-

tercombination (2ap), and forbidden (23S) components, where the relative

strengths can be used to infer electron temperature and density.
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Figure 2. A comparison of the actual raw data from Tycho's SNR taken with

the Goddard HEA 0-2 solid-state spectrometer experiment and an idealized

input spectrum. The data can befit equally well with Sedov-blast-wave and

two-temperature-equilibrium modeling, provided that the abundances of the
even-Z elements are treated as free parameters. The idealized input spectrum

represents the dominant k T = 0.5 keV component of the two-temperature

fit to the data (the higher temperature component has kT - 4 keV), but with
the abundances fixed at solar proportions. The shaded area represents the

contribution from Fe L-blend emission at this temperature, and the blackened

area represents the contribution form Si K-emission components. To facilitate

comparison with the raw data (where the abscissa shouM properly be energy-

equivalent pulse-heighO, the idealized input spectrum is viewed through a col-
umn density of 2 × 10 21 atoms cm -2. Both the data and the model are

displayed in 46 e V bins, with the latter smeared to an effective resolution with
FWHM - bin width (i.e. - 3 times better than the actual SSS FWHM resolu-

tion). The Ka and KI3 transitions of helium-like ions of Mg, Si, S, Ar, and

Ca indicated on the model spectrum are clearly evident in the data. Since most

of the K-emission arises from the lower temperature component of the two-
temperature fit, it is clear that consistency with this model requires marked

overabundances in the line-emitting species.
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Without resolvingpowersufficientto determinea temperaturedistribution
unambiguously,thisdistributionandtheelementalabundancesin theplasma
mustbenon-uniquelydeterminedfrom comparisonwiththe dataexpected
from a grid of models.For radiativelyionizedor nonequilibriumplasmas,
themodelresultsareonly asgoodastherealityof themodelspectra.If a
trueequilibriumtemperaturedistributioncanbeinferred,however,abundances
canbedeterminedbythecomparisonof linesof oneelementto thoseof other
elementsor to thecontinuum.Suchabundancedeterminationsarerelatively
straightforwardfor equilibriumplasmas,becauseeachelementalconstituent
is presentin just a few ionizationstates.

Informationfrom lessidealizedsituationscanbegleanedwith sufficientin-
sightevenwhentheopticallythin equilibriumscenariois untenable.In the
opticallythincase,for example,inconsistencyof theelectronandionization
temperaturescanbeusedto determinetheextentto whichtheplasmaisrecom-
biningor ionizingin a nonequilibriumsituation.Coldermaterialaroundor
alongthelineof sightto theprimary ionizationcanyieldfluorescentlines,
andopticallythickplasmascanyieldlinesthatarebroadenedbyelectronscat-
tering.With sufficientresolvingpower,it mayevenbepossibleto measure
the naturalwidth of emissionlines.

Manyof thelikely possibilities for X-ray spectra from astronomical objects,
and the important information that the spectra might therefore reveal, can

be found in reviews such as Holt and McCray [1982], from which much of

the above introductory discussion has been taken.

5. REQUIRED RESOLVING POWER

A crucial consideration for any investigation is the sensitivity required to carry

it out. For the X-ray spectroscopy of cosmic sources, a variety of parameters

contribute to this sensitivity: the quantum efficiency of the detectors, the detec-

tor background, the detector bandpass, and the resolving power. If an "ideal"

spectrometer with virtual unit efficiency, trivial background, and wide band-

pass can be developed, then the only parameter which requires discussion is

the resolving power.
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Atomicphysicsprescribestheresolvingpowernecessaryto utilizevariouscom-
binationsof spectrallinesfor scientificstudy.For eachelement,wecanap-
proximatethe resolvingpowerrequiredto separatea numberof important
ones.Forn = (2to 1)transitions,for example,themostimportantlinesare
thosefromthefluorescenceof neutralmaterial,theanalogof Lymanu from
hydrogen-likematerial,andtheresonance,forbidden,andintercombination
linesof helium-likematerial.Theenergyof Lymanu is, of course,Z2times
the 10.2eVfor hydrogen.Table1givestheseparationenergiesof thesefive
linesfor elements(8_<Z _<26)whicharelikely to beof interestfor AXAF.

Table1demonstrates that while - 1 eV may be required to completely resolve

all the lines of potential interest from all elements, - 10 eV is sufficient to

separate the most important lines from oxygen, and can totally resolve them
for iron.

TABLE 1: LINE SEPARATIONS

Line pairs

Lyman _ -- Resonance

Resonance -- Intercombination

Resonance -- Forbidden

Resonance -- Neutral

Approximate energy separation (eV)

10Z = 100Z10

0.32 Z 4/3 - Z

0.77 Z 4/3 -- 2 Z

2.3 Z 3/2 - IOZ

There is a similar - 10 eV requirement commensurate with possible sources

of line broadening. The natural width of a resonance line is - 10-2Zlo 4 eV,

so that resonance and even narrower forbidden lines have widths that are not

measurable with - 1 eV. Thermal broadening at - 2(TsZ103) w eV would

similarly require sub-eV resolution to measure, even for the heaviest elements

at the highest temperatures. Broadening associated with mass motion is easily

discernible in many astrophysical contexts with 10 eV, however, as the broaden-

ing for this case is - 4Vl0ooZlo2eV (vl0o0 in units of 1000 km s-1).
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It wouldappear,therefore,that thefew-eVresolutionrequiredfor thestudy
of allthediagnosticsinTable1iswellmatchedto thatrequiredfor themotion-
broadeningin activegalacticnuclei(AGN),youngsupernovaremnants(SNR),
andthestrongstellarwindsof earlytypestars.Theresolvingpowerrequired
to measurethermalor naturalbroadeningwouldbeordersof magnitudebet-
ter, however.

6. AN "IDEAL" SPECTROMETER

Themost important attributes of a spectrometer depend upon the specific
scientific objectives of a particular investigation, but there are some which

are so generally useful that they can be safely assumed to be characteristic

of the "ideal" spectrometer for AXAF. These attributes include energy resolu-
tion sufficient to address the most important scientific objectives for all classes

of sources and sensitivity to the entire AXAF bandpass simultaneously with

both near-unit efficiency and trivial background.

The X-ray calorimeter (see Figure 3) which has been selected as part of the

AXAF study payload promises these attributes. It consists of an X-ray ab-

sorber of heat capacity C loosely connected to a heat sink of temperature T

by a thermal link with conductivity G. When a photon of energy Q is ab-

sorbed, it is degraded into quanta (phonons) characteristic of T. The

temperature of the absorber rises by an amount _T = Q/C and then decays
back to its equilibrium temperature with a time constant r -- C/G. The

temperature increase is detected by a thermistor attached to the absorber, and

the incoming photon energy can be deduced by the magnitude of _T.

The small heat deposition is measurable to a precision which is determined
by the random exchange of energy between the detector and its heat bath

through the thermal link. An oversimplified "explanation" of the situation

is that the effective number of phonon modes contributing to the heat capacity

and to the fluctuations is N = C/k, each with effective mean energy kT. If

the typical quantum occupation number in each mode is unity, the rms fluc-
tuation in that number is also unity. Therefore, the total energy fluctuation

in the system is/_E - kT(N '/2) - (kT2C) '_.
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Figure 3. Schematic of an X-ray calorimeter. The essential elements are an

X-ray absorber, a temperature transducer, and a thermal link to a heat bath
which is loose enough to ensure that the rise in temperature accurately reflects

the deposited energy (i.e., that the timescale for total thermalization of the
X-ray energy is short compared with the characteristic time constant of the

thermal link).

Because the number of phonons involved in the final steps of degradation

of phonon energy to heat is large, the statistical fluctuations which fundamen-

tally limit the resolution of charge collecting detectors (such as Si(Li) or pro-
portional counters) do not significantly affect the temperature increase pro-

duced by a single photon; this means that the limiting FWHM resolution of

the device will be uniform over the whole bandpass.

When all necessary noise contributions (such as load resistor Johnson noise

and realistic filter techniques) are taken into account, the limiting resolution

of a practical detector is tSE (FWHM) - 4(kT2C) v2 [Moseley, Mather, and

McCammon, 1984], which can be as low as 1 eV for a detector with total

heat capacity < 10-14 J/K operating at 0.1 K. Such detectors can be designed
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for AXAF, but it remains to demonstrate that the theoretically predicted per-
formance can actually be obtained.

7. RECENT PROGRESS IN DETECTOR DEVELOPMENT

There are two general types of noise source which can potentially prevent the

achievement of the theoretical performance discussed above. The first might

be called "conversion" noise, as it arises from the imperfect conversion of

X-ray energy to phonons, e.g., energy which goes into electric charge or which
is trapped in states with long lifetimes. The second might be called "readout"

noise, as it arises from imperfect transduction of the temperature increase

into interpretation as an energy deposition.

The latter potential noise source may be ultimately limiting in attempting to

attain 1 eV, but it has already been experimentally demonstrated to be < 10

eV via the observation of fluctuations in the sampling of the baseline of a

test detector with heat capacity higher than the value required for 1 eV [Moseley
et al., 1985]. Since we could not simultaneously demonstrate similarly low

conversion noise, our efforts during the past year have been aimed at

understanding and reducing this component. We have recently succeeded in

achieving that level of conversion noise via the comparison of X-ray resolu-
tion with conversion-independent baseline fluctuations.

Figure 4 demonstrates the performance of a nonoptimized composite detec-

tor with baseline fluctuations of - 30 eV FWHM. An overnight run was per-

formed with an Fe 55source, yielding a total additional noise contribution (in-

cluding conversion noise) of < 10 eV in the K-capture lines and in fluorescence

from an Mg target. It is interesting to note that the Kc_ line is better modeled

with its two components (KoL1 and Ka2) than with a single line, and that their
separation of - 10 eV is at about the current level at which we can demonstrate

the contribution from either conversion or readout sources (although the lat-

ter contribution in this particular detector is three times larger).

There still remain subtle problems with the production of 1 eV detectors, but

we have now demonstrated that 10 eV detectors can be made. Our goal is
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Figure 4. Raw data from an Fe 55 X-ray source taken with a composite

calorimeter consisting of a HgCdTe X-ray absorber on a Si substrate with

an ion-implanted thermistor. The K{3 line is - 600 eV higher in energy than

Ks, and an order of magnitude less prominent. The Ks line has two major

components separated by - 10 eV, with the higher energy component ap-

proximately twice as prominent. These two Ks components are required for

an acceptable fit to the data, but cannot be resolved by the current - 30 eV
detector. The AXAF detector shouM be capable of completely resolving them.
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to producedetectorsfor AXAF for whichKal and Kc_2from Fe55will be
completelyresolved.Notethat thespatialresolutionof theAXAF telescope
(< 1arc-sec- 0.05mm)isrequiredinorderto reachthisgoal,asthenecessary
valueof C cannotbeattainedwithout a sub-mmsizeddetector.

8. SUMMARY

TheAXAF microcalorimeterprovidesa totally newcapabilityfor X-ray
astronomicalspectroscopy.Thecombinationof resolvingpowerof order103
with quantumefficiencyof orderunity (withvirtually insignificantdetector
background)simultaneouslyovertheentireAXAF bandpassallowsfor the
applicationof X-rayspectroscopyto muchmoreambitiousscientificstudies
than previouslypossible.

TheX-ray astronomygroupat Goddardhasmadenumerouscontributions
to astrophysics,andnosubjectrepresentsits experimentalmotivationmore
than doesX-ray spectroscopy.It is particularlyfitting for the purposesof
this volumethat themicrocalorimeter,the latestmanifestationof this ex-
perimentalresearchprogram,hasarisenoutof a truecollaborationbetween
theGoddardX-ray andinfraredgroups,both of whichowetheir existence
to the foresightof FrankMcDonald.
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1. INFRARED ASTRONOMY

One of the lesser known contributions of Frank McDonald to space science

is his role in extending high energy astrophysics to the sub-eV photon energy

range--in putting infrared astronomy into orbit. This seemingly paradoxical

extension was, in fact, both reasonable and timely. Reasonable, because so

many infrared photons emanate from highly energetic sources such as star-

forming clouds, active galaxies and the Big Bang itself. Though each photon

carries modest energy, one must measure the infrared brightness to be able

to understand overall source energetics. Timely, because the technical ingre-

dients needed to make infrared space astronomy a reality, including propul-

sion, attitude control, cooling, and sensors, were either in hand or at least
within reach.

In the spring of 1974 I was working at Caltech on new detector technology
for far-infrared astronomy. I had the good fortune of having lunch one day

with Len Fisk, then a member of McDonald's High Energy Astrophysics Divi-
sion at Goddard. Len mentioned that Frank was thinking that it was time

to start a serious effort leading toward space astronomy in the infrared, and
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suggestedthat I contactFrank if that would interestme. I arrivedat God-
dardlate in the summerto takeup thechallenge,buoyedsubstantiallyby
my confidencein Frank'ssupportandjudgment,alreadywell-confirmedin
numerousotherdisciplines.

In additionto enthusiasmandmoralsupport,Frankbestoweduponhisfledg-
ling effort severalindispensibleingredients:talented,highlymotivatedpeo-
ple, in this casethree individualsfrom other parts of his Division (Bob
Silverberg,just completinghisPh.D. researchoncosmicrays;DaveWalser,
anexperiencedtechnicianaboutto completehiselectricalengineeringdegree;
andTonyFlanick,theseniortechnicianin thelowenergycosmicraygroup);
fundsto beginequippingalaboratoryanddevelopinghardware(I neverasked
himwhoseaccounthespiritedthis from);andspacefor our laboratory(those
whohavenot workedin Building2 cannotappreciatethe magnanimityof
thiscontribution).In hisquiet,unobtrusivewayFrankofferedmuchvaluable
advice,rangingfrom whomto contactat Goddardor Headquartersto make
thingshappen(heimmediatelyput us in contactwith Pat Thaddeusat the
GoddardInstitutefor SpaceStudies(GISS),with whomwehavehadfruitful
collaborationto thisday),to howto makerecruitingdecisions(puttalentand
qualityof workabovespecializedexperience).Finally,of course,heprovided
a stimulatingandfertilework environment,characterizedby theintellectual
fervorof themanyresearchgroupswithoverlappingscientificinterests,solid
engineeringandsoftwaresupport,andunflaggingmanagementencourage-
mentwith minimal bureaucraticdistraction.

That Frank'sjudgmentwasimpeccableasto theproper timing for pursuit
of infraredastronomyfrom spaceisborneout bythesubsequentrecord.By
thetimeI arrivedat Goddard,NASAhadannouncedanopportunityto pro-
poseExplorer-classmissionsor missionconceptstudies,whichturnedout to
be theonly suchopportunityin thenextdozenyears.At that time, the in-
fraredskywaslittle knownat wavelengthslongerthan20microns,andwas
unobservedonspatialscaleslargerthantensof arc-minutesat anywavelength
becauseof thebright atmosphericemission.At the longwavelengthendof
the infraredspectrum,therewasintensecosmologicalinterestin measuring
theshapeof thecosmicbackgroundradiationspectrum,thenfirmlyestablished
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onlyon theRayleigh-Jeanssideof thepresumed 3 K spectrum, and in deter-
mining the anisotropy of that radiation.

With Frank's support and guidance we generated two proposals within a few

months: one to conduct a sensitive sky survey at 50 and 100 microns, and

the second, initiated by Pat Thaddeus and John Mather, then a young post-
doc at GISS, to build a Cosmic Background Radiation Satellite to make

definitive measurements of the microwave background and search for a
primeval infrared background component. The latter included as collaborators

David Wilkinson from Princeton and Rainer Weiss from MIT. In retrospect,

these proposals were very much on target scientifically, but were programma-

tically remarkably naive (for example, we seriously discussed building the entire

instrument complement for the cosmic background mission, including the
dewar, for five million dollars!). Fortunately, the estimates became more credi-

ble, the scientific promise prevailed in the evaluation process, and the first

proposal led to our participation in the Infrared Astronomical Satellite (IRAS)

mission, while the second, though via a more protracted path, led to the Cosmic

Background Explorer (COBE). We were suddenly caught up in the process
of opening a new window on the universe, and in probing its most ancient
radiative relics!

The road to completion of space programs is a lengthy one, and these two

in particular have redefined the meaning of Explorer-class missions. With the

wisdom of experience, and perhaps a bit of prescience, Frank from the outset

encouraged us also to pursue programs which would provide both short-term

scientific return and opportunities to test new technology germane to the space

business. Our first such endeavor, also begun in the fall of 1974, was develop-

ment of a balloon-borne telescope and submillimeter photometer for investiga-

tion of the large-scale luminosity and interstellar mass distributions in the galac-

tic plane. With pointing control and maneuvering requirements substantially

tougher than those of previous balloon payloads developed in Frank's lab,

we presented a significant challenge to his engineering staff, as he no doubt

wished. Their able contributions, along with those of several other engineer-

ing groups at Goddard, resulted in a payload which delivered high quality

maps of the inner galaxy in each of its three flights. These data (Figure 1)
show the high infrared luminosity of the inner galaxy, and, together with the

data from the CO survey of the same region by Thaddeus and his colleagues,
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Figure 1. Contour maps of galactic plane emission at 150, 250, and 300 microns
obtained with the 1.2-m diameter balloon-borne telescope developed by the

Infrared Astronomy Group in the High Energy Astrophysics Division. Ex-

tensive diffuse emission is clearly evident, punctuated by discrete sources which
are typically associated with prominent HII regions. Though it is generally

agreed that the diffuse emission is thermal emission from dust, the location

of the dust, whether predominantly associated with molecular, ionized, or

atomic gas remains a question of study. [Figure originally presented by Hauser

et al., 1984, Astrophys. J., 285, 74.]

have allowed systematic study of the distribution and properties of major star-

forming regions in the galaxy [Hauser et al., 1984; Myers et al., 1986].

Subsequent to these flights, the IRAS mission did, of course, initiate the era

of space infrared astronomy in spectacular fashion [Neugebauer et al., 1984;

Hauser, 1986]. We have, for the first time, complete imagery of the sky in

the infrared (Figure 2), including an initial determination of the heretofore

elusive absolute brightness of the sky, and catalogs of hundreds of thousands

of discrete sources, including tens of thousands of extragalactic objects. New
insights and discoveries have emerged in wide ranging astrophysical domains,

from concentrations of dust in the solar system offering clues to the origin

of the interplanetary cloud, to primordial solid material orbiting nearby stars

suggesting early stages of planetary system formation, and to galaxies with

near-quasar luminosity emitting more than 99 % of their energy in the infrared.

398



ORIGINAL PAGE IS 
OF POOR QUALITY 

Figure 2. The distribution of 100 micron emission over the full sky as measured 
by IRAS. This Aitoff projection is in galactic coordinates, with the galactic 
center at the center of the projection. The data have been filtered to suppress 
the very large-scale emission, such as that from interplanetary dust. In addi- 
tion to the prominent emission from the galactic plane, here seen all around 
the sky, one sees emission from the nearby molecular cloud regions such as 
Ophiuchus, Orion, and Taurus, large loop structures seen also in HI maps 
of the galaxy, patchy clouds of emission dubbed ‘infrared cirrus’ by the IRAS 
team, and some prominent external galaxies such as the Magellanic Clouds. 
Space-borne cryogenic telescopes are essential to obtaining such a global view 
in the infrared. (Figure prepared from IRAS data by J. Good, JPL.) 
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The scientificharvest from IRAS will continue for many yearsas the
astronomicalcommunityscrutinizesandpondersthe data.

WhenNASA decidedto beginseriousstudyof the COBEmission,Frank
McDonaldimmediatelyroseto theoccasionbyurgingthatwetry to hireJohn
Mather,whowasthenaboutto takeapositionat Bell Labs.Thatwasprob-
ablythesecondbestdecisionin theprogram(thefirst beingtodoit, of course!),
becauseJohncouldnotresistthetemptationto pursuethesecretsembedded
in thecosmicbackgroundspectrum,andhasbeenamainstayof theprogram
throughoutitsmanyphases.Theprogramnotonlypromisesuniquelyexciting
science,it hasalso,with thedecisionto build the instrumentsandspacecraft
in-house,turnedout to beamajorcontributorto themaintenanceanddevelop-
mentof Goddard'sengineeringcapabilities.TheCOBEhardwareisnow in
an advancedstageof development,and we eagerlylook forward to the
characterizationof the cosmoswhichthis missionwill provide.

FrankMcDonald'stenureastheofficial championof the infraredastronomy
groupwhichheformedwasrelativelybrief.About threeyearsafterthegroup
wasformed,wewerereorganizedinto the ExtraterrestrialPhysicsDivision
underthe ableguidanceof NormanNess.Frankhimselfsubsequentlyleft
Goddardto takethepositionof ChiefScientistatNASA Headquarters.One
mightsupposethatunderthesecircumstanceshiscontributionsto ourdiscipline
havediminished.I havequiteadifferentview.Boththroughintangibles,such
asthe qualityand spirit whichremainin thegroup whichhecreated,and
in theverytangiblesupportandencouragementheprovidesfor theongoing
programsestablishedunderhis stewardshipand for realizationof thenext
big stepin this field, theSpaceInfraredTelescopeFacility,hecontinuesto
bea major assetto our endeavors.FrankMcDonald'snamemayneverap-
pearon anyof the researchpapersin infraredastronomy;nevertheless,he
is leavinghismarkon thefield no lesssurelythanon themanyotherswhich
hehasinspiredand led.
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WELCOMING TALK

Noel W. Hinners

Director, Goddard Space Flight Center

Greenbelt, Maryland 20771

It is really appropriate and also a pleasure to welcome you here today, in order

to give particular thanks to Frank McDonald--or at least his mother and

father--for participating in a cosmic event that took place about 60 years ago.

Following his birth, there was a gap in Frank's life history that I haven't figured

out yet, but he got his bachelor's in 1948 at Duke University and went on

to that hot bed of radicals in Minnesota, to get his master's and Ph.D. Before

we continue, it is worth refreshing your memory as to what can influence a

person's background; those of you who are familiar with the origins of the
space program know what sort of characters came out of Minnesota. Frank's

credentials include an Atomic Energy Commission fellowship in 1951-53, and

a research associateship in another interesting place, the University of Iowa.

Those were the right places to be in those days, and he followed up with the
right move: he came to the Goddard Space Flight Center in 1959. After he

had been made an assistant professor at Iowa, he formed his group here and
headed the Energetic Particles Branch for the next 11 years. He did a tremen-

dous job initiating work on many of those early Explorer missions. Frank
was, in fact, principal investigator on 15 of them. He did so well as a branch

head that he was made chief of the Laboratory for High Energy Astrophysics

in 1970, doing that job until 1982. During those years, Frank was project scien-

tist at Goddard in over 11 missions. He set the scale to what a project scien-

tist should be, which is foremost a productive scientist, one that is respected
by his peers and colleagues. For that example, Frank, we thank you. Frank

finished up these projects as study project scientist for the Gamma Ray Obser-

vatory. He did well in getting GRO started, so we'll be watching that one

soon, hoping that with a little luck it will turn out to be a really impressive

mission. Frank has many awards, and has participated in a large number of

professional societies--APS, AGU, AASmagain, the mark of a very produc-

tive man, interacting with the external community. Frank has also served on

all kinds of committees, commissions, and working groups, trying to plan
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for the future of astrophysics, creating those opportunities for making the

great new discoveries. All these are documented facts, but, if you look back

from this perspective in a federal laboratory, you will see what is unique in
Frank's contribution. He has created a laboratory for astrophysics through

his own initiative, scientific qualities, and productivity. A most important part
of that over the years has been the nurturing of graduate students and young

scientists. He has created leaders who took over Frank's leadership role when

Frank moved on. Frank, to sum it all up, you have had a truly remarkable

and productive scientific career. We are proud of what you have brought to

Goddard and we are proud to honor you today on 60 years of productivity.

Thank you.
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INTRODUCTORY REMARKS
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We are here to celebrate Frank's contributions to science and to recognize

his services to the scientific community that have done so much to benefit

space science over the years. Many of you, especially the younger members,

may not realize that when NASA got started and the Goddard Space Flight

Center came into being in the late 1950's, it was an era when great oppor-

tunities in space flight existed but the program planning was in somewhat of

a mixture. So it was with particular excitement that Frank spearheaded many

efforts at Goddard. Many of us in the universities participated in the implemen-

tation of whole series of new spacecraft, doing work in 'fields and particles'

as well as in other areas that ultimately were to branch out into new disciplines

in astronomy and space research. The most outstanding example that I would

choose is the series of Interplanetary Monitoring Platforms, the IMP series.

I remember very well when Frank came to me, and I'm sure he talked to some

of you, discussing the possible development of new instrumentation at the

beginning of this program about 1961. The first IMP, launched in November

1963, led to many significant discoveries, some of which you will hear about

today, covering topics from the interplanetary structure and the Earth's shock

front to solar cosmic ray particle behavior. But that was only the beginning.

Although, from the point of policy, it was never an explicit part of NASA's

thrust that a Center would take the lead in space research, it was very impor-

tant that Goddard would join hands with the universities and the various na-

tional laboratories to become so involved. For example, in the case of the

IMP missions, that series went up to number 8, and IMP-8 is still operational

and doing very well. I emphasize this because, although almost all of you

must know of Frank's contributions to the areas that you are interested in,

you may not be aware of his historic deep and firm commitment to the associa-

tion with the participating scientific community outside of NASA. So I con-

gratulate both Frank McDonald and the Goddard Space Flight Center for

having the wisdom to draw science from wherever there are contributions to
be made.
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CONCLUDING REMARKS

Phyllis Freier

Department of Physics

University of Minnesota

Minneapolis, Minnesota 55455

This book will be the written record of the very happy day when Frank

McDonald's friends and colleagues gathered to honor him for his contribu-

tion to Space Science. It was held at Goddard on April 23, 1985, 32 days before

Frank officially reached the 60th anniversary of his birth. It was very ap-

propriate to hold the celebration at the Goddard Space Flight Center, where

Frank was a physicist and head of the High Energy Astrophysics Division
from 1959 until he left in 1983 to become Chief Scientist at NASA Head-

quarters. So we gathered in the halls of Goddard to hear Frank's colleagues

and friends talk about diverse areas of astrophysics, all of which Frank

McDonald had participated in, either as a scientist or as a science administrator.

You can judge for yourself the impressive scope of the work he has contributed

to by reading this book or even by scanning the Contents.

It was equally appropriate to honor Frank and his style of doing business

by holding the evening banquet at the Goddard Recreation Center. I had never

been in that building; when I saw it, I realized that no one could accuse God-

dard of using taxpayers' money for plush or fancy guest facilities. We sat

around picnic tables, and stood in line around the barbecue pits to collect

our food, buffet style. Everyone talked happily and loudly (you had to: no

acoustic tiles there!) and had a most festive time. Frank's three children and

two granddaughters were there, along with colleagues from all over the world,

as well as nearly the entire high energy astrophysics staffs from Goddard and

the University of Maryland. It was indeed a most festive occasion to celebrate

science and friendship, and to demonstrate our respect and love for a person

who has never placed much emphasis on fancy frills but who holds in greatest

regard the qualities of friendship, honesty, and integrity, along with good

science. So it was an occasion we all celebrated, remembering the personal

PRECEDING pAGE £;.L_NK NOT i:ii._2D
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timeswehadsharedwith FrankMcDonald,asearlierduringthedaywehad
heardthetalks recallingthe sciencewehad sharedwith him.

Of allthepeopleatthecelebration,EdNeyandI probablyhavehadthelongest
associationswithFrank,thephysicist,datingbackto whenheenteredgraduate
school.In thefall of 1948,Frankcameto theUniversityof Minnesota,fresh
from Duke University,to study in the PhysicsDepartment.We had just
discoveredheavynucleiin theprimarycosmicraysin thepreviousApril, so
it wasanexcitingtimeat Minnesotawith lots to do. I wasagraduatestudent
in chargeof the nuclearemulsionsand John Nauglewasa seniorunder-
graduate,workingfor me.At thattime,threeyoungassistantprofessorshad
beenhiredaboutayearearlier.Theydevelopedalightweightcloudchamber
to fly onballoons,to takeadvantageof GeneralMills' expertisein manufac-
turinghighaltitudeballoonsandOttoWinzen'sexpertisein flyingthem.Frank
McDonaldpickedoneof thethree,EdNey,ashisthesisadvisorshortlyafter
hisarrival. I alwaysliketo tell thestoryof howI hadpickedoutEdLofgren
asmy advisor,whowastheoldestand who seemed,in my opinion, to be
themoststableof thethree.WhenFrankcame,EdLofgrenhadjust left to
gobackto hisfirstlove,California,to helpbuildtheBevatron,theaccelerator
that wouldproducethefirst antiprotons.SoafterEdleft, I choseFrankOp-
penheimer,presumablythesecondmoststable.Not too muchlater,hehad
to resignfromtheuniversityundertragiccircumstances,asweall know,and
in facthadto testifyontheverydayI hadscheduledfor myprelims.SoFrank
andI woundupwith thesameadvisor--and,completelycontraryto my ex-
pectations,EdNey,nowtheRegentsProfessorof Physicsat theUniversity
of Minnesota,turnedout to be themost durableof thetrio.

Frank had come from the deep South with a really thick accent. In those days,

professors often served liquor, but we graduate students usually limited

ourselves to beer. Frank pronounced it with two syllables: 'beeaah'. It was
not until much later that Frank learned to say "beer" properly. Frank's wife,

Ginny, was a speech therapist, and whenever Frank wanted a beer, Ginny

refused to give him one until he pronounced it correctly. I think Frank can

say "beer" now. The people in the physics department in those days could

be characterized as "straight-lacers" and "hell-raisers". Frank had no trou-

ble deciding which group he was going to join. Frank had a car and that,

along with his natural charm, made him very popular with both graduate
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studentsandsecretaries.It wasn'tmuchof acar bythestandardsof today,
or evenfor thosedays,asFrankrealized.Onceduringthewinter,Frankcame
to thephysicsdepartmentboastingbecauseat atreacherouslyslipperyintersec-
tion somebig, fancycarhadtried to taketheright of wayawayfrom him.
Frank, realizingthat onemoredentin a fenderon hiscarwouldhardlybe
noticeable,hadbluffed out the big car. As it turnedout, it wasthe carof
a formergovernorfrom oneof the leadingfamiliesin thestate.Frank had
nomorereverencefor peoplein highplacesthenthanhedoesnow,andhe
took just asmuchdelightin challengingauthority thenasnow.

Whenhefirst cameto Minnesota,Frankhadworkedin theemulsionlab with
JohnNaugleandmefor a fewmonths,learningin thisveryvisualwayabout
cosmicradiation.Theemulsionsin thosedayswereIlford C-2 (thekind in
whichthepion wasfirst detected)andalthoughthethresholdwasnot sup-
posedto beaslow as4 Imin, we had indeed seen long straight tracks that we
knew must be a-particles, so that one could measure their intensity in the

cosmic radiation using nuclear emulsions. But at that time I thought a-particles

were too near the threshold, and anyhow we had so much yet to learn about
the much more easily detected heavy nuclei. Later when G-5 emulsions became

available with their threshold below Imin, we indeed did use them to measure
the energy spectrum of t_-particles. But Frank had accepted the challenge of

building a detector for cosmic ray helium nuclei, and that is what he did for

his thesis problem.

Frank's thesis was titled "A Cloud Chamber--Scintillation Counter Deter-

mination of the Flux of Primary Cosmic Ray Alpha-Particles". His complete

detector including a cloud chamber and scintillators weighed only 162 pounds.

Frank had four flights with this detector and measured the primary alpha flux

over Texas and Minnesota. From Texas he flew on February 1, 1953, recovered

the load ten minutes after it touched down, and reflew it three days later.

However, this time he was not so lucky. In some way the parachute had snagged

and the load had free fallen from 30,000 feet. It was recovered 17 days later

on a San Angelo sheep ranch, completely demolished. However, the camera

and film were okay and Frank got data from this flight as well as the first one.

Undaunted, Frank rebuilt the detector and on September 16, 1953, just seven

months later, he flew successfully to 18 g/cm 2 over Minneapolis. That was
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standardballoonperformancefor thoseSky Hook balloonsm90,000feet.
Frankmadea secondflight on October5, this time with no badluck. He
hadsufficientlygooddatato determinetheintegrala-particleflux at twodif-
ferentrigidity cutoffs.EdNeystill saysthatFrankgotsomeof thebestcloud
chamberpicturesthat anyoneacquiredin a balloonexperiment.

After heearnedhisPh.D.,Frankwentto theUniversityof Iowato join James
VanAllen. In 1957,Frankwasin chargeof the Iowacontingentto a Guam
expeditionwheretheyfirst fired"racoons''--rocketslaunchedfromballoons.
FrankandKinseyAnderson,beingseniormembersof theexpedition,got to
spendeveningsin theOfficers'Clubwhilestudentslike Larry CahillandBill
Webberhad to stay up late gettingdetectorsreadyto fly. Larry Cahill
rememberswhenFrankalmostgothimselflaunchedashewasjumpingback
andforth overthe loadline, enjoyinghissupervisoryrole, andthe balloon
wassuddenlyreleased,knockingFrankdown,but--thankfully for usall--
not launchinghim.

After Frank'sdecadespentin theMidwest,hewentto NASAin Washington,
D.C. in 1959.At this birthdaycelebration,I haveobservedtherespectand
genuineaffectionhiscolleagueshavefor him. In spiteof thefact thathehas
takenstrongandsometimescontroversialstandson NASA policymatters,
heseemsto havemadeveryfewenemiesandmany,manyfriends.Thisbook
isatributefrom hisfriendsto FrankMcDonald--distinguished,outstanding,
andwidelyrecognizedfor hisscientificachievements,andrespectedandloved
by us all.
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AN IRREVERENT HISTORY

OF SPACE SCIENCE

John E. Naugle
Former NASA Chief Scientist

7211 Rollingwood Drive

Chevy Chase, Maryland 20815

It is a pleasure to honor my old friend and colleague, Dr. Frank B. McDonald.

It is 37 years since Frank first appeared on my horizon. It was the fall of

1948, and we were taking a course in analytical dynamics from Ed Hill at

the University of Minnesota. Frank was thin in those days and had a little

hair on the top of his head. He wrapped those long legs around his chair to

help his concentration. I spent three hours a week alternating between atten-

tion to Hill's abstruse lectures and worrying as to whether Frank would per-

manently become entwined with his chair and we would have to break a leg,
either his or the chair's, to get him unlocked.

In those days at Minnesota, the Physics Department divided itself into the

"scientists" and the "hell raisers". Frank, the good old Southern boy who

had been "raised right", gravitated into the hell raisers where he began a kind

of belated teenage revolt which continues to this day. As a hell raiser, you

were entitled to do what the name implies, but you were also expected to get

the best grades, do the best physics, and appear for work at the appointed
time ready to perform perfectly no matter how late you had been out the

previous night. Now there were mornings when Frank dragged a little and
there were mornings when I wouldn't have given two cents for his chances

of reaching sixty, even less that I would, and absolutely nothing for the chance
of our both reaching sixty.

But he did and I did and here we are thirty-seven years later at the end of

a long day, with everybody eyeing their watches to see how long it is till din-

ner time and I am supposed to say something nice about Frank, something

significant about the history of space science and something amusing enough
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to keepyou from wanderingoff. AlongthewayI will commitheresyby say-
ing somethingniceabout two Governmentinstitutions,ONR and the old
NACA.

I chooseto insert"irreverent" in thetitle to warnrealhistoriansto beware.
Irreverentmeans"deficientinvenerationor respect" and in this case applies

more to history than to space science. This gives me license to shade the facts
a little here and there to make the story come out better. After having read

over what I finally wrote, a better title might be "The Origins of the NASA

Space Science Program" or better still "A Clash of Two Cultures".

I am going back to 1957 to look at the backgrounds of three kinds of people

who came together in the late 1950's and early 1960's--some as NASA scien-

tists and administrators and some as academic space scientists--who, by the

policies they set, the decisions they made, the actions they took and the work

they did, created the space science program of the past quarter century.

The first group I will discuss is the cosmic ray physicists who lived and worked

primarily in the Midwest. I discuss them first because our hero, Frank, came

from that group. It is the group I came from and know the best.

We used balloons to carry cloud chambers, Geiger counters, and nuclear emul-

sions as high as possible for as long as possible to catch as many cosmic rays

as possible. Cosmic rays were a natural phenomenon which we wanted to

understand. We wanted to measure their charge, mass, flux, energy spectrum,

and the fluctuations of those qualities with time and location. We wanted

to know their origin and the source of their enormous energies. Until the

Bevatron at Berkeley came on line, we also used them as a source of high

energy particles to generate mesons. We generally recorded our data on film,

recovering both our instruments and our data on parachutes at the end of

the flight. We published in the Physical Review, the Journal of Geophysical

Research, the Journal of the Philosophical Society and I1 Nuovo Cimento,

the last affectionately known as "New Cement". We got up from Thanksgiving

dinner and took the train to Chicago for the Physical Society Meeting.

Sometime in January or February when the snow was deep and before spring
plowing began, we went off to the Midwest Cosmic Ray Conference--a sort
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of movablefeastthattraveledfrom Minneapolisto Chicagoto IowaCity--
wherewepresentedinformal papers,quarreleda lot aboutour resultsand
their significance,atea little anddranka lot. In thespringwhentheazaleas
bloomed,wecameto Washingtonto the old SheratonPark Hotel andthe
Bureauof Standards,for the Annual Meetingof the PhysicalSociety.
Periodically,wewentoff onsafaristo exoticplacessuchasSaskatoon,Canada,
Peyote,Texas,andSiouxFalls,SouthDakota,to fly balloonsandkill a few
cosmicrays.

Of all thedevicesweusedto catchtheelusivecosmicray,thecloudchamber
wasthemostdifficult to makework, andalsothemostunreliableandleast
productive.Frank, therebelliousSouthernbaptist,iconoclast,andtilter at
windmills,naturally chosethe cloudchamberashis cosmicray killer.

I canstill seea long ganglyFrank, sittingon the floor of the cosmicray
laboratoryin the basementof thephysicsbuildingbentovera wire-draped
recalcitrantcloudchamberwith his long thin fingersentwinedin the wire.
It seemedthat hespentyearsin that positionbut I supposeit wasonly six
monthsor so. Ultimately,hegot it together,andit flewand worked.

Whatthoseof uswhosataroundandworriedoverFrank'ssanityandfuture
didn't realizeat the time waswhat an excellenttraining the buildingand
operatingof a cloudchamberwasfor a future spacescientist.You hadto
think throughyourexperimentfrom beginningto end;youhadto figureout
howto makeit workwhilehangingall by itselfon theendof aballoon.You
hadto havethe fortitude to start all overagainwhenthe balloon or the
parachutefailedandyou lost yourcloudchamberandgot no cosmicrays.
Spendingthreeor four yearsgettingaPioneer10instrumentreadyfor launch
on a paper-thinAtlas-Centaur filled with liquid hydrogen and oxygen, ex-

pecting it to survive a flight through Jupiter's radiation belts and sail on out

of the solar system was a natural extension of this early cloud chamber idiocy.

Such was the life of a cosmic ray physicist in the Midwest prior to Sputnik.

We were supported and watched over by an enlightened and benevolent Of-

fice of Naval Research which expected us to do good original physics, publish

our results in reputable, refereed journals, and go on to become professors,

or government or industrial scientists. We graduate students didn't worry a

415



lot aboutbudgetsandcongressionalactions,althoughI expectourmentors,
EdNey,JohnSimpson,andJimVanAllendid.Wedidnot think a lot about
scienceandpublicpolicyor governmentsupportof science;however,when
we later cameto NASA and beganto establishpoliciesandconductspace
scienceweneverreallythoughtof usinganypoliciesor proceduresotherthan
thosewehadgrownup with underONR. Frank, KinseyAnderson,Phyllis
Freier,Bill Webber,andI wereamongthosewhogrewup inthatONRculture.

Youyoungstersliving in thismodernworld of carefullyapportionedfunds
andequallycarefullydelineatedagencyrolesmightask,"Why in theworld
wastheNavysupportingballoonflights in theMidwest,whichis just about
asfar from an oceanasyou canget in theseUnitedStates?"I quotefrom
Dr. HarveyBrooks,reviewing20yearsof ONR historyin 1966:

"The areasof researchfundedbyanagencymaybedividedinto threegeneral
classes:

a) Fields of science in which the mission orientation admits of no clear

limits to agency interest, and requirements differ in both kind and volume

from those of any other component of the nation's technological

community.

b) Fields of science which are of vital importance to the agency mission,

but whose importance is shared almost equally with other agencies of

the government.

c) Fields which at present show no obvious promise as sources of concepts
or research results for near-term agency exploitation but which, in the

mainstream of imaginatively advancing science, can produce results of

potentially significant repercussions. These areas--such as pure mathe-

matics or elementary particle physics--may have significance either

through discoveries which arise directly in the science or, more com-

monly, the chain of evolution of scientific ideas which links the fields

of greatest scientific interest to those of extensive value."1

IResearch in the National Purpose: Edited by F. Jochim Weyl, ONR;

Published by ONR, 1966
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ONRhadaveryenlightenedpolicyregardingtheimportanceof basicresearch
to the national purpose.Clearly, the support of the Midwest cosmic ray
physicists and their balloons was justified under class c fields of research.

The second group of people who came together to form the space science pro-

gram also operated under the ONR umbrella but in fields more in the forego-

ing classes a and b. These were the rocketeers who operated primarily out

of the Naval Research Laboratory, although Nelson Spencer had a group at

the University of Michigan and Bill Stroud a group at the Army Signal Corps

Laboratory. This group also studied natural phenomena, the aurora, the

ionosphere, the Sun and stars, and the upper atmosphere. They used a dif-

ferent form of transportation, the rocket.

If you want to use a rocket for transportation you must design your instruments

to fit in a very small volume and build them so they can be put on top of

a rocket and withstand a controlled explosion to propel them into space.
Rocketeers like a little more sound and fury in their work than those of us

who used balloons. The rocketeers were willing to trade time for altitude, really

they were much more than willing. They had to get above the atmosphere

in order to do their work. They used telemetry to get their data back and they
were the first space scientists.

People who did research using balloons or rockets really appreciated their

transportation, both for its natural beauty and for its results, particularly when
it worked, and there were results.

A balloon launch on a frosty Minnesota morning took place just as the Sun

came up. You normally had been up for 24 or 36 hours getting your experi-

ment ready, you had consumed innumerable cups of strong black coffee, you

had suffered innumerable small and large panics over your instruments, and

when you came out to the flight line just at dawn you found everybody stand-

ing around with their dampened fingers in the breeze trying to decide if it

would be safe to launch and, if so, in which direction to lay out the load line.

You wanted a gentle breeze blowing down the load line so when you released

the balloon it rose majestically from the hold-down arms, moved up over the
load line, gently picking up the payloads as it rose. If you didn't get it laid

out right or the wind changed direction then you might find yourself and a
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companionor two runningacrossacorn field holdinga 300-poundpayload
in your armsto preventit beingdraggedby the balloonasit lifted off. A
100-foottall silveryballoonrisinggentlyall rosyin thelight of therisingSun
wasa magnificentsight.However,therewasoneproblemwith a balloon.
Whenyouhadtroubleyouhadlotsof timeto watchit unfold. A windmight
comeupandslowlywindupyourballoon,cuttingoff theheliumsupplybefore
youcouldlaunchit. A rip mightdevelopon liftoff andyoucouldwatchvery
carefullyastherip wentup thesideof theballoon,theheliumescaped,the
ballooncollapsed,andyouwereleft withnothingbut anacreor two of this
plasticspreadover the landscapeto pick up andcarryhome.

Frank,with hisusualaplomb,managedto entwinehis longlegsin the load
line on onelaunchandwaswellon his wayto beinglaunchedheaddown
whentwograduatestudentshelddowntheloadlineandextricatedourhero,
savinghimandaconsiderableportionof the futurespacescienceprogram.

A rocketlaunchwasdifferent. True, you were up all night and you had the

same panics with your instruments. In addition, a successful launch, with all
the sound and fury and the streak of flame into the sky, is also a magnificent

sight. Your troubles with a rocket were quite different, however. Things happen

very fast at a rocket launch. There is a flash of light and a roar and your

rocket is gone or the tower is demolished. There is none of the slow, genteel
failure of a balloon. When a rocket goes bad, it either blows up in the first

few seconds of launch or else gets off all right and mercifully comes apart

well out of sight.

These rocketeering astronomers and upper atmospheric physicists were similar

in many respects to the cosmic ray physicists. They were interested in study-

ing and understanding natural phenomena, they published in similar jour-

nals, and they had their movable feast, the Rocket and Satellite Research Panel

which met to discuss the significance of their results, plan new rockets, arrange

expeditions, and discuss how to get funding for their experiments. They had

to spend a lot of time discussing funding because a scientific paper based on

sounding rocket research cost the government a good deal more than a paper
based on balloon research. They too went on safaris to exotic places such
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asWhiteSandsandFort Churchill, usuallytrying to makeWhiteSands in

July and Churchill in January. Homer Newell, Jack Townsend, John Lindsay,
Les Meredith, and John Clark were among those who came to NASA with

that background.

There were a few scientists who were not satisfied with the difficulties and

frustrations of using either balloons or rockets but were compelled to com-

bine the two. Jim Van Allen formed such a group in Iowa in the early 1950's.

If you used an unreliable balloon to carry an unreliable rocket to a high altitude,

and if you were very, very lucky you could get your instruments into places

instruments had never been before. To do this you assembled balloons and

rockets on board a Navy ship and sailed off to the north where you had a

small but finite probability of studying the aurora and very low energy cosmic

rays. As you would expect, Frank was strongly attracted to such a dubious
undertaking. Our hero of the day, now Dr. McDonald, a husband and parent,

headed south from Minneapolis, stopped off in Iowa, joined Van Allen's group

and headed back north on one of these expeditions. The careful, thorough
experimenter, dedicated to understanding every detail of the tools he used,

Frank set off a rocket on the deck of the ship thereby convincing himself,

and his shipmates, once and for all, that rockets are dangerous and

demonstrating that in addition to a penchant for tackling tough problems he

also had a pretty hard head, a characteristic he is finding invaluable these

days as NASA's Chief Scientist.

The third group of people who came together in the formative days of NASA

was funded by and operated under the guidance of the National Advisory
Committee for Aeronautics. The NACA was an ancient and honorable in-

stitution, having been formed in World War I to enable the United States

to catch up with European aeronautical research. This group of people was

located at three NACA centers: Langley, Lewis, and Ames. They too were

engaged in research but of quite a different nature than the first two I described.

The first two groups were interested in understanding natural phenomena.

In contrast, this third group studied the behavior of manmade objects,

airplanes, rockets, satellites, and reentry vehicles. They used wind tunnels to

improve the performance of airplanes and they used airplanes themselves as

research tools. They studied the behavior of models of rockets in their wind
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tunnels and they used rockets to propel aircraft and rocket models through

the atmosphere to understand the phenomena of high speed flight. Sometimes,

they used the rockets themselves as research instruments to study the behavior
of rockets and develop models to predict their performance. They used rockets

to drive nose cones into the atmosphere to perfect heat shields. The first two

groups were also interested in balloons, rockets, and airplanes, but strictly

for transportation of their instruments. The third group was interested in study-

ing and understanding the behavior of airplanes and rockets. The goal of the

third group was to improve the human ability to travel and operate in the

atmosphere and space.

These people were mostly bright, young engineers who came to NACA center

as young engineers with bachelor's degrees fresh out of college. Many joined

NACA directly after World War II, others received their degrees under the

GI Bill and joined NACA in the late 1940's and early 1950's. They learned
to do their research at the NACA center under the tutelage of a senior research

scientist or engineer, rather than at a university under a professor as those

in the other two groups did.

They published their own refereed NACA journals. They worked with

academic people but tended to use them to carry out center-instituted research

programs rather than sponsoring independent research work at universities.
They organized their institutions around particular kinds of research, with

Langley, the mother center, specializing in conventional aeronautical research,

and spinning off the Ames center to do hypersonic research and the Lewis

Center to do propulsion research. They worked very closely with the

aeronautical departments of the Air Force, Army, and Navy and the

aeronautical industry and measured their success by the usefulness of their

research to those departments and that industry. They were accustomed to

conceiving, designing (and sometimes building), and testing new airplanes,

rockets, and spacecraft. Usually the hardware was built by an aerospace com-

pany for one of the services. They too went on safaris to exotic places such

as the High Speed Flight Test Center at Edwards Air Force Base and Wallops

Island. They admired and supported the dedicated professional test pilots,

people such as Chuck Yeager with the real "right stuff". Living and working
on the shore of the Chesapeake Bay, they liked seafood.
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JesseMitchell,EdCortright,GeorgeLow,AbeSilverstein,andHarry Goett
wereamongthosewho camefrom NACA andhada substantialimpacton
the earlyspacescienceprogram.

Thereweresomecommonelementsin theONR andNACA culture.Both
groupswereextremelyproud of themselvesand theirwork. Both groups
recognizedandappreciatedpeoplewhodidgoodworkandknewtheir field.
Bothgroupswereintenselyinterestedin space.Bothrecognizedits challenge
andits potential.Bothfelt it importantthat thenation'sspaceeffort should
bedirectedbyacivilianagencyandbothultimatelyrecognizedthattheyneeded
to work togetherif theprogramwasto succeedandrealizeits full potential.

It wasto the NACA, in October1958,that thenation,frightenedby Sput-
nik, gavetheresponsibilityto organizeandconducta NationalSpacePro-
gram,but the charterestablishingthe SpaceProgramplacedthe objective
of theONRculture--"the expansionof humanknowledgeof phenomenain
the atmosphereandspace"--first, andtheobjectiveof the NACA culture
"the improvementof the usefulness,performance,speed,safety,andeffi-
ciencyof aeronauticaland spacevehicles"second.Theact addeda third
objective--"the developmentandoperationof vehiclescapableof carrying
instruments,equipment,supplies,andlivingorganismsinspace".Thealloca-
tion of NASA'sresourcesamongthesethreeobjectiveshasbeenthesubject
of continuousand often acrimoniousdebatefor the pastquartercentury.

PeoplefromtheNACA centerscameto WashingtoninOctober,1958to form
NASA.TheywerejoinedshortlythereafterbyagroupfromNRL. Thecosmic
rayphysicists,includingFrank,beganto drift into thespacescienceprogram
during1959.SomejoinedNASA, asFrankandI did, others,suchasKinsey
AndersonandBill Webber,remainedinacademia,choosingto conducttheir
researchthereandinfluencetheNASAProgramthroughserviceontheSpace
ScienceBoardand a varietyof NASA Advisory Groups.

Veryearly,consistentwith NACA tradition andin recognitionof a definite
need,NASA establisheda new spaceflightcenter,initially the Beltsville
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Spaceflight Center and later the Goddard Space Flight Center. NASA also
acquired the Jet Propulsion Laboratory as a second space flight center.

Very early, and also consistent with NACA tradition, these new centers were

given roles and missions. NASA assigned to GSFC the responsibility for

satellites, sounding rockets, manned space flight, and the tracking and com-

munications facilities to support them. To JPL it assigned the responsibilities

for the lunar and planetary missions and the deep space communications and

tracking net.

Based largely on the recommendations of the Space Science Board, chaired

by Lloyd Berkner, what ultimately became a 10-year space science program

was established including OAO, OGO, RANGER, SURVEYOR, MARINER,

and some 20 or 30 explorers. All of this was laid out and underway by late

1959 and early 1960. I say it ultimately became a 10-year program because

it was 1969 before we launched the last Surveyor and the last OAO. When

the program was laid out we expected to complete it by 1965, however in those

early days things didn't always work out as planned and a program might

slip for a year or two.

From the very beginning there was a certain amount of friction between the
ONR culture and the NACA culture and a tendency to choose up sides and

disagree about something, usually the allocation of resources. In the very early

days it was the "NACA Crowd" versus the "NRL Crowd". Occasionally
it surfaced as an argument between the scientists and the engineers, and finally

with the advent of Apollo it took on its present form "Manned Space Flight"

versus "Unmanned Space Flight", which was kind of an ironic twist since

most of the leaders of the Manned Space Flight Program such as Robert Gilruth

came from PARD, the "Pilotless Aircraft Research Division" at Langley.

I am happy to report both cultures continue to flourish in NASA and both

are squared off ready for battle over the space station. The heirs of the ONR
culture are concerned about the impact of the space station on the resources

available for science. They are not sure there is a real justification for the

space station since it is not clear how it will be used for science. Such talk
still infuriates those from the NACA culture. To them there is no need for

science to justify the space station. The justification for the space station is
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in the second and third objectives of NASA's charter. To the heirs of the

NACA culture the space station is the next logical step in the development

of the human ability to move and operate in the atmosphere and space. It

is the next step in a long, honorable process that produced the DC-3, X-15,
747, Apollo, Skylab, and the Shuttle.

The survival of both cultures has been and continues to be one of NASA's

great strengths and is one of the principle reasons for the success of the NASA

Program. Had the ONR culture prevailed we would probably have had a more

pure, more sharply focused, but considerably diminished science program.
We would not have had Apollo, Viking, Skylab, or the Shuttle. Had the NACA

culture prevailed we would have had Apollo and Skylab but probably not
the explorers, IMP's, OSO's, OAO, the space telescope, the Pioneer, the

Mariner, Viking, or Voyager. We would have had strong space flight centers

but not strong academic groups carrying out their own research program.

Despite, or more accurately because of, the clash and the competition between

these two cultures we have had a far better, far richer, more useful, and more
successful space program.

All of us here this afternoon owe Frank McDonald a major debt for a quarter
century of effort to first instill and then maintain the ONR culture in NASA.

He has been a steady, consistent, and powerful advocate for creativity, ex-

cellence, and economy in science and for a space science program open to
all the world's scientists on the merits of their ideas and their abilities and

not on the basis of their political power, their institution, or their national

allegiance. The Goddard Space Flight Center, the space science program,

NASA, and many of your careers would have been quite different without
Frank.

We are all proud to have known and worked with you, Frank. We wish you
a happy sixtieth birthday and many more.

423



BIBLIOGRAPHIC DATA SHEET

1. Reoort No. 2. Government Accession No.

NASA CP-2464

4. Title and Subtitle

Essays in Space Science

3. Recipient's Catalog No.

5. Report Date

June 1987

6. Performing Organization Code

665

7. Author(s) 8. Performing Organization Report No.

R. Ramaty, T. L. Cline, and J. F. 0rmes, Editors 87B0055
10. Work Unit No.9. Performing Organization Name and Address

Goddard Space Flight Center
Greenbelt, MD 20771

12. Sponsoring Agency Name and Address

National Aeronautics and Space Administration
Washington, DC 20546

11. Contract or Grant No.

13. Type of Report ancl Period Covered

Conference Publication

14. Sponsoring Agency Code

15. Supplementary Notes

16. A_tra_

This volume consists of the papers presented at a Symposium held at the
Goddard Space Flight Center on April 23, 1985 and additional papers
written by individuals closely associated with Frank McDonald during
various aspects of his career. The papers in Essays in Space Science
cover a broad segment of space research and are an acknowledgement of
Frank McDonald's personal involvement in many of these efforts. The
totality of the papers were chosen so as to sample the scientific areas
influenced by him in a significant manner. The papers are arranged into
three broad areas: particles and fields of the solar system, cosmic ray
astrophysics, and gamma ray, X-ray and infrared astronomies.

17. Key Words (selected by Author(s))

Space Science, Astrophysics

18. Distribution Statement

Unclassified - Unlimited

Subject Category 88

19. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No. of Pages 22. Price*

Unclassified Unclassified 438 A19

*For sale by the National Technical Information Service, Springfield, Virginia 2 2] {3] GSFC 25-44 (10/7/)


